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Excited states in the neutron-rich nucleus *°Ba have been observed via f—y spectroscopy at
the Radioactive Isotope Beam Factory, RIKEN Nishina Center. The *°Ba ions were produced
by the in-flight fission of a 2*¥U beam with an energy of 345 MeV/nucleon. The E(2") energy
of '°Ba was identified at 100 keV, which is the lowest known in the neutron-rich Ba isotopes.
A y-ray peak was also observed at 597 keV. A mean-field calculation with a fully 3D real space
was performed and a static octupole deformation was obtained for the Ba isotopes. K™ = 0~
and 1~ excited states with significant octupole collectivity were newly predicted at around or
lower than 1 MeV on the ground state of '**Ba by a random-phase approximation calculation.
The 597 keV y ray can be interpreted as a negative-parity state, showing that **Ba may possess
octupole collectivity.

Subject Index D11, D12, D13, D29

One interesting feature of nuclear shell structure is that major shells in the / - s coupling scheme
contain high-spin, intruder orbits from the next oscillator shell. These orbits have the opposite parity
to all others in the shell and are lowered in energy due to a strong spin—orbit interaction. Such intruder
orbitals can cause higher-order interactions making, e.g., octupole-deformed shapes energetically
favored in certain nuclei. Octupole correlations (A = 3) are caused by interactions between orbits
with Aj = Al = 3 [1]. Nuclei with Z or N = 34,56,88 and N = 134 possess such orbits at
or close to the Fermi surface and are expected to have strong octupole correlations [1]. There has
been a long-standing question as to whether nuclei exist with a stable reflection asymmetric shape.
Recently, static octupole deformation has been reported in the Z ~ 88, N ~ 134 (Ra) region by
Gaffney et al. [2] and around Z ~ 56, N ~ 88 (Ba) by Bucher et al. [3]. In those works, large B(£3)
values were measured directly by Coulomb excitation experiments.

The neutron-rich Ba isotopes from 4 = 140 to 148 have been studied following the spontaneous
fission of *8Cm and 2°2Cf [4-6] and negative-parity bands have been systematically observed up
to intermediate spins. The enhanced E1 transition rates of y decays present between positive- and
negative-parity bands are an indication of strong octupole correlations. However, Refs. [5,6] revealed
that there is an unexpected trend in the £ 1 rates of 14>146Ba, which are much slower than those of the
neighboring 144148Ba. The result that the £1 rates in '*Ba were found to be as high as those of !4Ba
raised a question as to whether more neutron-rich nuclei, such as >°Ba, also possess negative-parity
states that are connected to a positive-parity band by strong £'1 decays. A microscopic—macroscopic
calculation with a shell correction term, using a reflection asymmetric Woods—Saxon model, shows
qualitative agreement with the experimental dipole moment obtained from the B(E1)/B(E2) rates
[7]. In this calculation, the shell correction part explains the dip of the experimental dipole moment at
146B4 and all the even—even Ba isotopes from 4 = 144 to 148 are predicted to possess static octupole
deformation (83 ~ 0.075 to 0.1). Quantitatively, however, the calculation for !*¥Ba underestimates
the dipole moment and it is expected that there is a large uncertainty in the value predicted for '*Ba.
Similarly, other theoretical works differ in their predictions of the size and extent of static octupole
deformation in the neutron-rich Ba isotopes. Microscopic—macroscopic finite-range drop model
calculations expect static octupole deformation to be present in '41=147Ba [8], whereas different
covariant energy-density functionals predict this range to be 144=150Bg, 144=152By or 146-148p,4
[9]. The generator-coordinate method (GCM) extension of the Hartree—Fock—Bogoliubov (HFB)
calculation [10] predicts that the B3 value of '°°Ba is as large as that of 44~148Ba,
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Many negative-parity bands in the rare-earth region have been interpreted as octupole vibrations
and the £(37) energy strongly depends on the amount of quadrupole deformation present [11]. In
the rare-earth isotopes around Z ~ 60, a rapid onset of quadrupole deformation occurs when going
from 88 to 90 neutrons. From the systematics of the £(27) energies or E(41)/E(2") ratios, the Ba
isotopes also become quadrupole deformed as the neutron number increases. The onset of quadrupole
deformation in the Ba isotopes is slower than that of Z ~ 60 isotopes and the most neutron-rich Ba
isotope measured to date, 14883, still has an E(47) /E(27) ratio smaller than 3.0.

It has become possible to access the neutron-rich 4 ~ 150 Ba region at the Radioactive Isotope
Beam Factory (RIBF) of the RIKEN Nishina Center. In-flight fission of a high-intensity 233U beam
allows B—y and isomer spectroscopy studies of these neutron-rich nuclei.

Neutron-rich Ba (Z = 56) isotopes were studied via f—y spectroscopy at RIBF. These nuclei were
produced by the in-flight fission of a ~6 pnA 345 MeV/nucleon 233U beam, which impinged on a
3 mm thick Be production target. Fission fragments were separated and identified in the BigRIPS in-
flight separator [12] on an event-by-event basis by measurements of the mass-to-charge ratio (4/Q)
and atomic number (Z). The A/ Q value was obtained from time-of-flight (TOF) and magnetic rigidity
(B,) measurements in the second stage of BigRIPS. The TOF was measured by plastic scintillation
detectors placed at two achromatic foci at the beginning (F3) and the end (F7) of the second stage
of the BigRIPS beamline. The B,, value was obtained by ion trajectory reconstruction using position
and angular information measured by position-sensitive parallel-plate avalanche counters (PPACs)
placed at the achromatic foci, F3, F7, and a dispersive focal plane, F5. The Z value was obtained by
measuring the energy loss (AE) in an ionization chamber placed at the final F11 focal plane of the
ZeroDegree spectrometer. A detailed explanation of the particle identification procedure at BigRIPS
is found in Ref. [13]. During the ~50 hours of beam time, 2 x 103 ions of 13°Cs were implanted in
total.

The secondary beam was implanted into an active stopper, WAS3ABI [14]. This allowed energy
and time information on a given implanted ion to be correlated with its subsequent detected 8 decay.
The WAS3ABI detector consisted of five layers of double-sided-silicon-strip detectors (DSSSDs),
each with 40 x 60 strips. Each strip was 1 mm wide and each layer 1 mm thick. The x and y positions
of the B-particle emission were obtained as the weighted mean position of the summed energy
deposited in the neighboring strips, within a 200 ns time window. Since the dynamic range for the
acquisition of the energy information of the Si strips was optimized for 8 particles, the x—y positions
of the ion-implantation point were obtained from the leading edge time of the analog signals from
the DSSSDs. The events containing both detected ions and S-particle decays were defined as being
correlated when their positions agreed to within a distance of 1 mm in the x—y plane of the same
Si layer. The time of each 8-decay event was obtained from the difference in time-stamps between
those recorded for ion implantation and S-particle detection. The maximum ion-implantation rate in
WAS3ABI did not exceed ~30 Hz, to preserve ion—f correlations.

Any y rays emitted after 8 decay were detected by EURICA [15,16], which is an array of
EUROBALL cluster-type HPGe detectors [17], with 84 individual crystals in total. The total detec-
tion efficiency of the array for photons emitted from a point source at the center of the array with an
energy of 1333 keV was ~8.4%. The time window for S—y coincidences was 600 ns.

The y rays detected following the 8 decay of 13°Cs ions are shown in Fig. 1. Two peaks at 100 and
597 keV were assigned as transitions in 3°Ba. The ion—p time correlation window was limited to
200 ms, which was decided from the half-life of 15°Cs, 0.84(8) ms. The S-decay half-lives measured
in this experiment have already been published by Wu et al. [18].
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Fig. 1. A y-ray spectrum from the 8 decay of '*°Cs. Energies of the transitions correlated with the decay of
130Cs nuclei are labeled. The peak at 200 keV is identified as a y ray following the decay of '°°Ba (see text).
The shaded area in the spectrum shows the level of the estimated continuum background, which is described
in the text.

Since the number of peak counts was small, a log-likelihood ratio test was applied to the spectrum
to see if the peaks are significant, compared to the continuum background. Here the test statistics,
o (E), were defined as

o (E) = \/B(E) + D(E)In(D(E)/B(E)), (1)

where D(E) is the number of counts at an energy, £, from the true event distribution, and B(F) is the
number of estimated counts of continuum events at £. The continuum background was estimated by
smoothing and scaling the energy spectrum with a time window of 2—10 s after ion implantation since
this time region mainly consists of a constant component. The estimated curve of B(£) is shown by
the shaded region in Fig. 1. The true event distribution, D(E), was estimated to be the sum of the
Gaussian distributions of all the events, which is

S (E — Eyi)’
D(E) = S — A )
(E) ; Mo ( 5 ) @)

1
where o; is the energy resolution of the Ge detector array and the energy E,,; is the y-ray energy

of the ith event. Since our energy range of interest is roughly 103 times the energy resolution, a
peak with the significance of 30 (~0.3%) can reasonably appear somewhere in the spectrum. We
requested a confidence level of more than 4o to define a significant peak in the spectrum of '*’Ba.

Three peaks have maximum o (E) values greater than 40 . These are situated at energies of 100,
200, and 597 keV and have o values of 5.0, 4.4, and 4.3, respectively. The peak at 200 keV became
more pronounced in a spectrum with a longer time window of up to 2 s after implantation, suggesting
that this transition does not originate from an excited state of '°°Ba. The peaks at 100 and 597 keV
were assigned as y rays from °Ba, emitted following the 8 decay of !°°Cs. There were no distinct
peaks observed at 100 and 597 keV in a spectrum with a 2 s time window. The 8 decay from 4°Cs
to 149Ba was also studied and no peaks were found at these energies. However, '4Ba can also be
produced by the B-delayed neutron decay of °°Cs.

The 100 keV y ray was assigned as the decay of the first 27 state of '°°Ba, from a comparison with
the level energies of the neighboring Ba isotopes. The systematics of the excited states of Ba isotopes
are shown in Fig. 2. The E(27) and E(4™1) systematics show an onset of quadrupole deformation
at A ~ 144. We note that the first 37 state changes from the lowest negative-parity excitation to
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Fig. 2. Systematics of the excited states of even—even Ba isotopes. The lowest 27, 4%, and 3~ states are shown.
The (27) and (37) levels assigned tentatively in the present work are plotted in open symbols.

a member of the octupole vibrational band on a 1~ state with the appearance of the quadrupole
deformation. The systematic behavior of the low-lying negative-parity states with quadrupole defor-
mation is discussed in Ref. [11]. The peak at 597 keV in *"Ba is a candidate for the y decay of a
negative-parity state. If the 597 keV y ray is assigned tentatively as the 3~ — 2% decay of 1°Ba,
then this fits with the systematics, as shown in Fig. 2. The assignment of the 597 keV peak as the
1= — 07 decay is less likely because of the fact that we do not observe an enhancement of the
count at 497 keV, which expected as the 1~ — 27 decay. When the 27 state is a rotational excitation
of the 0" ground state, the E1 decay intensities from the 17 state to the 01 and 2% states should
have similar strengths in Weisskopf units (W.u.) to each other. This means that we should see some
counts at 497 keV, which are expected to be ~64% of those at 597 keV by considering the oc E3 E1
strength and the y efficiency. The recent measurement at ISOLDE, CERN [19] is consistent with
our assignments above. There are two possible events around 613 keV in our data where they report
the 1= — 0% decay.

The global survey of Ref. [20] proposes the relation §, = (466 +41)/4F (2?)1/ 2. For the neutron-
rich A ~ 150 region, there is a near-perfect agreement between B, calculated using the above
formula and the compilation of experimental data in Ref. [21] for the Ba—Sm isotopes. A value of
B> = 0.31(3) for °"Ba can be extracted from E (2;“) measured in the present work. This is close
to B, = 0.358 8(36) measured for 12Gdo, [21], the highest one known in the region. Deformations
of B, = 0.289, 0.237, 0.2585, and 0.2792—-0.2876 have been predicted at 1508, by four mean-field
models, Hartree-Fock—Bogoliubov (HFB) [22], the finite-range droplet model (FRDM) [8], the
universal energy-density functional (UNEDF1) [23], and GCM-HFB with the Gogny D18 interaction
[10], respectively. Our result for the £ (ZT) value possibly indicates a larger deformation than expected
in 1°0Ba.

The spin and parity (J™) of the ground state of the parent nucleus, '>°Cs, is not known. The most
probable proton configuration of 1>°Cs is 773 /2 [422] since this has been assigned as the ground state
of 143.1%3Cs and was measured by an atomic beam magnetic resonance method [24]. The neutron
configuration is not clear since J” is not known for the ground states of any of the nearby N = 95
isotones. The closest N = 95 isotone with a firmly assigned ground state is 1°°Gd, v3/27[521]
[25], though the v5/27[642] and v5/27[523] quasiparticles lie <150 keV above this. However, the
systematics of the experimental E(27) values indicates that Ba isotopes are less deformed compared
to the Nd to Gd isotopes. We did not observe isomeric states in '3°Ba in the time range ~300 ns to a
few tens of microseconds, in contrast to the N > 60 rare-earth nuclei [26]. This indicates a change
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Fig.3. Excitation energies of J” = 3~ states obtained by an RPA calculation. The size of the symbols
represents B(E3; 07 — 37) of each state. Quadrupole and octupole deformation parameters (B3, and B,) of
the ground states are shown in the plot.

in the structure of Ba isotopes compared to the rare-earth isotopes and is not clear enough to tell the
ground state of 13°Cs.

Following the Gallagher—Moszkowski coupling rules, the possible ground-state spins of '3°Cs
are (07), (11), and (47), respectively. The configurations of states in 1508, likely to be populated
following allowed B decays of 13°Cs can be estimated using the procedures outlined in Ref. [27].
Transitions are allowed between states obeying the selection rules of AN = 0, An, + AA = 0,
|[An, = 2|, AK = 0, 1. The v3/27[521] and v5/27[523] orbitals can decay to the w3/27[541]
and 75/27[532] ones via allowed transitions. A (73/2%[422] ® 73/27[521])o- 150¢g ground
state would populate either (73/27[422] ® 73/27[541])¢- or (w3/2T[422] ® w5/27[532]);- 2-
quasiparticle states. We note also that in this region first-forbidden transitions are predicted to compete
with allowed ones accounting for ~60% of the decay intensity [28]. This may explain the low
statistics observed in Fig. 1 as first-forbidden transitions can fragment the feeding and also directly
populate the '°Ba ground state. For a J* = (47) ground-state assignment of '3°Cs, 8 decay can
reasonably feed a J” = 3~ member of the bands with strong (73/27[422] ® 73/27[541])(- or
(w3/27[422]1®75/27[532]),- configurations. This does not, however, firmly establish the J7 of the
ground state of 1°Cs because other excited states can be populated, which then decay via unobserved
higher-energy y rays.

A theoretical calculation of the neutron-rich Ba isotopes was performed in order to compare the
excitation energies of the J” = 37 states with the experimental ones. The static properties were
obtained by a Hartree—Fock calculation and the random-phase approximation (RPA) was applied to
it in a self-consistent manner in order to calculate the properties of excited states [29,30]. In this
calculation, a fully 3D real-space representation, without any spatial symmetry, was used in order
to allow shape-breaking spatial symmetries, such as octupole deformed shapes, to be included. The
SkM* force [31] was employed, though pairing correlations were not taken into account.

Static octupole deformations (839 = 0.093 to 0.177, shown in Fig. 3) appear in the ground states
of the N = 84 to 94 Ba isotopes. There is a local minimum in the octupole moments at 4 = 146,
which is consistent with the systematics of the experimental dipole moments in Ref. [6]. The gradual
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increase of the quadrupole deformation (8;), when heading towards the neutron-rich isotopes, is also
consistent with the systematics of the experimental £(27) values shown in Fig. 2. The calculation
predicts that 1>°Ba also has a ground-state octupole deformation as large as those of the even—even
A = 144 to 148 isotopes.

The results of the RPA calculation on the Ba isotopes are shown in Fig. 3. Excitation energies of
J™ = 3~ states were calculated for 14¢148:150B3 along with K = 0~ and 1~ excitations, which
are predicted at energies of ~1 MeV or lower. The lowest J = 3 excitation of 150Ba, at 0.76 MeV,
has B(£3) = 35 W.u., which indicates that the octupole excitation is a collective state rather than a
single-particle one. Our calculation suggests that there can be a negative-parity state with octupole
collectivity as low as ~700 keV.

In summary, S—y spectroscopy on the most neutron-rich Ba isotope measured to date, '°°Ba, was
performed. The EQ21) energy of "°Ba was determined to be 100 keV, which indicates that the
quadrupole deformation of >°Ba increases compared to that of 1*8Ba. Although the peak at 597 keV
cannot be definitely assigned, the interpretation of this y ray as the decay from a negative-parity
J = 3 state does not contradict the present experimental or theoretical results. An HF-plus-RPA
calculation was performed in a fully self-consistent manner for the neutron-rich Ba isotopes. The
calculation predicted a static octupole deformation in the 4 = 140 to 150 Ba isotopes and K = 0
and 1 excitations with octupole collectivity at around, or less than, 1 MeV in 146-150B5. The RPA
calculation supports the existence of a negative-parity state in '>°Ba, a candidate for which was
obtained in this work at an energy of 697 keV. The result appears to show that 1°°Ba has large
octupole collectivity and that the region of octupole correlations around Z = 56, N = 88 may be
wider than expected.
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