Refined description of the positive-parity bands and the extent of octupole
correlations in '?’Ba
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Three new negative-parity bands have been identified in *°Ba, two of them forming a strongly-
coupled band. The previously known negative-parity band is significantly extended to high spin,
while the lower part of the yrare positive-parity band has been modified. From the analysis of the
band properties and comparison with the neighboring nuclei a coherent description of all bands is
achieved. In particular, a simple explanation of the evolution of the positive-parity bands at high
spin is proposed, including the possible occupation of the v f7/5[541]1/27 intruder orbital. Cranked
Nilsson-Strutinsky calculations reveal similar quadrupole deformations but different triaxiality of
the bands, while particle number conserving cranked shell model calculations qualitatively repro-
duce the experimental data and support the assigned configurations. The new measured ratios of
reduced transition probabilities B(E1)/B(FE2) complete the systematics in the '®*~'2*Ba nuclei, ex-
hibiting a decrease with decreasing neutron number, and are compared with the known values in the
116-120% e nuclei, which are larger. Extended calculations with the Quadrupole and Octupole Col-
lective Hamiltonian based on the Relativistic Hartree-Bogoliubov Model employing the relativistic
DD-PC1 density functional nicely reproduce the decreasing trend towards lower neutron numbers
for Ba and Xe nuclei, as well as the larger values in Xe nuclei, but are much larger in amplitude than
the experimental values. On the other hand, particle number conserving cranked shell model cal-
culations without octupole deformation overestimate the low-spin values, while those with octupole
deformation included reproduce the experimental values in '?°Ba, suggesting the possible existence
of moderate octupole collectivity in the negative-parity bands of nuclei in this mass region.

PACS numbers: 21.10.Re, 21.60.Ev, 23.20.Lv, 27.60.+j

I. INTRODUCTION

band into two two-quasiparticle bands built on 7(h; /2)2

To date, only a few rotational bands are known in the
lightest even-even barium isotopes 18:120Ba [1, 2]. Two
peculiar features have been reported in these nuclei: pos-
sible existence of enhanced octupole correlations in '®*Ba
[1] and '?*Ba [3] due to the close proximity of the Fermi
level to orbitals from both the 7hii/o and 7ds o sub-
shells, which are characterized by differences in angular
momentum Al = Aj = 3, and an unique phenomenon at
high spin in '2°Ba exhibiting forking of the ground-state
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and v(hiq /2)2 configurations, and their successive recom-
bination of the aligned bands into a four-quasiparticle
m(h112)? @ v(h11/2)* band [2]. Total Routhian surface
(TRS) and cranked shell model calculations could not
give a comprehensive understanding of the structure and
alignment properties of the two- and four-quasiparticle
bands observed in 2°Ba [2], while the evidence of oc-
tupole correlations in the negative-parity band observed
in 8Ba was tentative [1], due to limited experimen-
tal information. The remaining open questions in these
proton-rich nuclei were also due to the poor knowledge
of the favored one-quasiparticle configurations, since only
two bands were known in each of the odd-even 17-119Ba,
and ''7119Cs neighboring nuclei. However, the band
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structures of '?Ba and ''9Cs have been significantly en-
riched recently: several rotational bands and isomeric
states have been identified in both nuclei [4, 5], with ex-
citation energies, spins and parities established experi-
mentally. These new results offer an unique opportunity,
rarely available close to the proton drip line, to compare
the observed bands in the even-even ?°Ba nucleus with
those obtained from the juxtaposition of configurations
observed in the odd-even neighboring nuclei. Such a com-
parison can constrain the number of suitable configura-
tions and give confidence in the assigned ones. The 12°Ba
nucleus is particularly interesting among the nuclei close
to the proton drip line because of the exotic phenomenon
of forking and recombination of the ground state band
[2]. In addition, based on the successful description of
the rotational bands in the neighboring '*Ba and '1°Cs
nuclei [4, 5] under the assumption of a large quadrupole
deformation of €5 = 0.32, based on the measured spec-
troscopic quadrupole moments [6, 7], the occupation of
neutron down-sloping intruder orbitals significantly im-
pact the high-spin band properties and therefore have
to be taken into account. This motivated us to under-
take a study of the band structure of ?°Ba, with the
aim to gather additional experimental information and
try to better understand the band structures, including
the negative-parity ones which are expected to exhibit
enhanced octupole correlations.

We report results on three new bands in '?°Ba, two
being nearly degenerate and forming a strongly-coupled
band. The previously known negative-parity band [8]
is considerably extended to high spin. The configura-
tions of the observed bands are assigned based on the
analysis of the alignment properties of the bands, on
the comparison with the odd-even neighboring '°Ba
and '?Cs nuclei, on systematics, as well as on cranked
Nilsson-Strutinsky (CNS) [9-12], particle number con-
serving cranked shell model (PNC-CSM) without oc-
tupole deformation [13, 14] and with octupole defor-
mation included [15], as well as Quadrupole and Oc-
tupole Collective Hamiltonian based on the Relativistic
Hartree Bogoliubov (QOCH-RHB) [16] calculations us-
ing the DD-PC1 density functional [17].

II. EXPERIMENTAL DETAILS AND RESULTS

The presently reported results have been obtained in
an experiment performed with the high-efficiency ~-ray
detector array JUROGAM 3 [18] and the recoil mass sep-
arator MARA [19], using the 58Ni(64Zn,2p)120Ba fusion-
evaporation reaction. A 255-MeV beam of 4Zn was pro-
vided by the K130 cyclotron at the Accelerator Labo-
ratory of the University of Jyvéskyld, Finland. A self-
supporting enriched 5®Ni foil of 0.75 mg/cm? thickness
was used as a target. The data were collected by the
triggerless Total Data Readout (TDR) data acquisition
system [20] and sorted using the GRAIN code [21]. The
data were analyzed using the RADWARE [22, 23] pack-
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FIG. 1. (Color online) Level scheme of *°Ba resulting from
the present work. The new transitions are indicated in red.
The tentative spins and parities are given in parentheses.



age. More experimental details are given in Ref. [5]. It’s
worth to mention that the definition of the directional
correlation from oriented states (DCO) ratios (Rpco)
and two-point angular correlation (anisotropy) ratios Ry,
are exactly the same as in Ref. [5].

The level scheme of '2°Ba is shown in Fig. 1. Energy
spectra obtained from prompt 777 coincidences show-
ing the transitions of the newly identified bands, as well
as the complete experimental information on the ~-ray
transitions are given in Fig. 2 and in the Table I.

The level scheme was constructed based on the detailed
analysis of the coincidence relationships between the
rays and their intensities measured with JUROGAM 3.
The previously reported connecting transitions of Band 3
are confirmed [2], and a weak transition of 723 keV was
newly identified, as shown in panel (b) of Fig. 2. The
spectrum double gated on the 571- and 675-keV tran-
sitions in panel (c) of Fig. 2 shows the 457-, 918- and
1062-keV connecting transitions to Band 1. The spec-
trum double gated on the 571- and 605-keV transitions of
Bands 3 and 1, respectively, shown in the inset of panel
(c) of Fig. 2, clearly shows the 918-keV transition and
fixes its position in the level scheme. The connecting
transitions of Band 4 of 467, 542, 595, 658 and 1189 keV
can be seen in panel (d) of Fig. 2, while those of Band
5 of 498, 625 and 1089 keV can be seen in panel (e) of
Fig. 2. In panel (f) of Fig. 2 a spectrum gated on the
161- and 495-keV transitions clearly show the 1082-keV
transition which is compose a doublet in the spectrum of
panel (e).

The previously known positive-parity Bands 1 and 2
are confirmed up to the highest observed states, with
transition energies which in some cases differ from those
reported in Ref. [2] by up to 3 keV. By analyzing the rel-
ative intensities of the 811-, 813- and 817-keV transitions
in Band 2, we tentatively changed their order relative to
that of Ref. [2], which leads to a gradual increase of the
transition energies with increasing spin and therefore to
a smooth variation of the band properties in the cross-
ing region, as expected for well deformed nuclei in which
the two configurations before and after the crossing are
strongly mixed (see Figs. 3 and 4).

Bands 3 and 4 are composed of cascades of E2 transi-
tions up to spin-parities of (297) and (227), respectively.
The angular correlation results indicate dipole character
for the 918-, 1062- and 1218-keV transitions from Band
3 to Band 1, thus fixing odd spins for Band 3. Based
on the systematics of the energy levels in the neighbor-
ing nuclei (see Fig. 5), and on the calculations given
in the following discussion section, we assume that the
connecting transitions have E1 character, and therefore
assign negative parity to Band 3. The angular correlation
results for the connecting transitions of Band 4 to Bands
1 and 3 are not conclusive due to insufficient statistics
and contaminations. However, an E2 character for the
connecting transitions to Band 3 would lead to nearly
degenerate levels of Bands 3 and 4, which would induce
similar population intensity. This is in disagreement with

the measured relative intensity of Band 4, which is an or-
der of magnitude lower than that of Band 3. Therefore
we tentatively assign M1/E2 character to the connecting
transitions between Bands 3 and 4, which leads to even
spins and negative parity for Band 4.

Band 5 consists of two cascades of quadrupole transi-
tions which are inter-connected by dipole transitions up
to spin 18. It decays to the 7(7) state of Band 3, to
the (67) state of Band 4, and to the 8" state of Band
1 via the 625-, 498- and 1082-keV transitions, respec-
tively. The 625-keV transition has a dipole character,
which fixes spin 8 for the band head of Band 5, to which
we tentatively assign negative parity, based on the com-
parison with the lowest observed configurations in ''?Cs
[5, 24, 25], on the systematics of such bands observed in
neighboring 122:124Ba [3, 26, 27] and 16:118:120X¢ [28 29
nuclei, on the band properties (excitation energies rela-
tive to a rigid rotor E — 0.01107I(I 4 1), single-particle
aligned angular momenta ¢, and moments of inertia
JM), and on the PNC-CSM calculations given in the
following discussion section.

III. DISCUSSION
A. General analysis

The plot of excitation energies relative to a rigid ro-
tor £ — 0.01107I(I + 1) [11] shown in Fig. 3(a) give a
first global view of the band structures. One can see
that Band 1 after the upbend observed at spin I™ ~ 10%
(hw = 0.4 MeV) is nearly degenerate with the strongly
coupled Band 5, that the low-spin part of Band 2 is nearly
degenerate with Band 3, that Band 4 is excited by ~ 0.3
MeV relative to Band 3, and the high-spin part of Band
2 which has a slope opposite to those of the other bands.
The bands with similar slopes of E — 0.011071(1 + 1)
have very similar moments of inertia (MOI), while the
ground state band below the upbending and the high-
spin part of Band 2, have MOIs significantly lower and
higher (= 25%), respectively (see Fig. 4).

Band 1 above the upbend and Band 5 have similar ex-
citation energies, as in the case of the bands built on the
mhi1/2 and wgg/o orbitals in H9Cs which are separated
by only 25 keV (Bands 1 and 8 in Ref. [5]). Based on
the similar excitation energies of the bands in '?Cs and
120Ba, the configurations of Band 1 above the upbend
and of Band 5 can be explained by coupling one proton
in mhyy /o to the Thyy /o and 7799_/12 configurations in 119Cs,
leading to the two-quasiparticle configurations m(h; /2)2
and (hy, 599 /12), respectively.

The low-spin part of Bands 2 and 3 also have similar
excitation energies. The configuration assignment to the
low-spin part of Band 2 in Ref. [2] is V(h11/2)2, which
is expected to be occupied at nearly identical rotational
frequency as that of the 7(hy; /2)2 configuration assigned
to Band 1 above the upbend.



TABLE I. Experimental information including the vy-ray energies E., energies of the initial levels F;, relative intensities I,
Rpco ratios and/or anisotropies Rq., and the spin-parity assignments to the observed states in 12°Ba.

E,(keV) E;(keV) L° Rb5co RZ, Multipolarity JF — JF

Band 1

185.2(1)  185.2(1) 100.0  1.04(7)¢ E2 2t — ot
357.8(2) 543.0(2) 72(4)  1.0(1)¢ E2 4t — 27
495.2(2) 1038.2(3)  62(4) 1.0(1)¢ E2 6t — 4t
605.3(3) 1643.5(4)  44(2) 1.0(1)¢ E2 8§t - 6T
690.2(2) 2333.7(5)  35(3) 1.0(1)? E2 107 — 8F
747.2(2)  3080.9(5)  31(4) 1.0(1)¢ E2 127 = 10*
773.1(4)  3854.0(6)  23(2) 1.0(1)¢ E2 4% — 12t
800.4(5)  4654.4(8)  14(2) 0.9(2)¢ E2 167 — 14%
860.0(6)  5514.4(10) 11(1) 1.1(1)¢ E2 18t — 16%
937.4(8) 6451.8(13) 8.8(7) 1.0(1)* E2 207 — 187
1015.6(9) 7467.4(16) 5.7(9) 1.0(1)* E2 22T — 207
1131.3(10) 8598.7(19) 1.9(4) 1.0(2)¢ E2 24T — 227
1183.9(14) 9782.6(23) 1.6(3) 1.2(3)¢ E2 267 — 247
1231.8(13) 11014.4(27) 1.2(3) (287) — (26™)
1326.0(17) 12340.4(32) 0.5(2) (30%) — (287)
1402.2(18) 13742.6(36) <0.1 (327) — (30™)
Band 2

810.8(5)  5054.0(11)  4.3(6) 167 — 14*
813.3(8) 5867.3(13) 4.1(7) 187 — 167
817.1(6)  6684.4(15) 4.0(5) 207 — 187
879.2(5)  7563.6(15) 3.9(4) 1.3(1) E2 22T — 207
933.1(7) 8496.7(17) 4.2(3) 1.4(2) E2 24T — 227
1029.1(7) 8496.7(17) 2.5(3) 1.3(3) E2 24T — 227
1045.5(8) 9542.2(19)  5.8(4) 1.4(3) E2 267 — 247
1112.1(7)  7563.6(15)  0.6(2) 1.6(5) E2 227 = 207
1121.2(9) 10663.4(21) 2.5(4) (28%) — 267
1162.3(8) 4243.2(9)  4.5(3) 1.3(1) E2 147 — 12t
1201.6(9) 11865.0(23) 2.4(2) (307) — (28™)
1288.1(13) 13153.1(26) 2.3(3) (32%) — (30™)
1349.7(17) 14502.8 (31) 1.6(3) (347) — (32T)
1386.4(19) 15889.2(37) 0.7(2) (36%) — (34™)
1481.2(22) 17370.4(43) 0.3(2) (38T) — (36™)
1575.9(21) 18946.3(48) <0.1 (40T) — (38T)
1648.0(24) 20594.3(53) <0.1 (427) — (40™)
Band 3

339.7(2)  2100.4(11) 1.1(2) 0.9(2)¢ E2 720 - 509
457.1(3)  2100.4(11) <0.1 720 8t
461.0(2) 2561.4(11) 8.1(9) 1.1(1)¢ E2 9= & 70
570.6(4) 3132.0(12) 4.8(5) 0.9(1)¢ E2 11 = 9=)
674.9(5) 3806.9(13) 3.6(3) 1.1(2)? E2 137 - 1109
722.8(7) 1760.7(9)  0.6(3) 5(7) 67"
772.6(5)  4579.5(15) 2.9(6) 0.9(2)? E2 1507 — 13
846.2(6)  5425.7(16) 1.5(2) 1.2(2)? E2 17 — 150
900.7(7)  6326.4(17) 1.4(3) 1.1(2)¢ E2 197 — 1709
918.2(9)  2561.4(11) 7.0(7) 0.8(1) (E1) 9(=) - 8t
951.8(8)  7278.2(19) 0.8(3) (217) — 19
1019.4(9) 8297.6(21) 0.6(3) (237) — (217)
1062.2(6) 2100.4(11) 12(1) 0.7(1) (E1) 7 -6t
1099.6(11) 9397.2(24)  0.3(1) (257) — (237)
1178.2(9) 10575.4(25) 0.14(6) (277) = (257)
1217.7(9) 1760.7(9)  2.2(5) 0.6(2) (E1) 5(7) 5 47F
1263.2(13) 11838.6(29) <0.1 (297) — (277)
Band 4

414.4(2)  2641.8(10) 1.1(3) 1.5(2) E2 (87) = (67)
466.7(4)  2227.4(10) 1.5(4) 1.13) Mi1/E2  (67) — 5
514.3(4) 3156.1(11) 1.3(2) 1.3(2) E2 (107) — (87)
541.8(5)  2641.8(10) 0.3(1) (87) =7
595.1(6)  3156.1(11)  0.4(2) (107) — 9
633. 4(7) 3789.5(13) 0.9(2) (127) — (107)
657.9(8)  3789.5(13) 0.2(1) (127) - 11




E, (keV) E; (keV) I, Ryeo

R;. Multipolarity J© — J7

734.4(6) 4523.9(14) 0.6(1) (147) = (127)
820.4(6) 5344.3(16) 0.5(2) (167) — (147)
884.8(5)  6229.1(16) 0.3(1) (187) — (167)
960.8(7)  7189.9(18) <0.1 (207) — (187)
1043.2(9) 8233.1(20) <0.1 (227) —>i20*)
1189.1(9) 2227.4(10) 0.4(2) (67) =6
Band 5

113.0(1)  2838.6(11) 3.5(4) 0.8(2)° M1/E2 907 — 8)
161.0(2)  2999.6(12) 2.5(4) 0.9(1)° M1/E2 1007 — 9(-)
201.8(1)  3201.4(12) 1.9(2) 0.9(1)° M1/E2  11¢79) — 100
242.3(2) 3443.7(12) 1.3(3) 1.0(1)° M1/E2 12079 = 110
274.3(3)  2999.6(12) 0.5(1) 107 — 8=)
280.1(1)  3723.8(12) 1.0(2) 1.2(2)° M1/E2 137 — 1209
315.1(4)  4038.9(13) 0.9(1) 1.2(2)° M1/E2 147 — 130
345.7(2)  4384.6(13) 0.6(1) 1.1(3)° M1/E2 157 — 140
362.9(4)  3201.4(12) 0.9(2) 1.3(2) E2 1) — 9=)
373.1(5)  4757.7(14) 0.6(2) 16(7) — 157
403.2(5)  5160.6(15) 0.5(1) 17 - 16
422.3(3)  5583.0(15) 0.3(1) 187 — 1709
444.2(4)  3443.7(12) 1.0(2) 1.5(2) E2 120 — 10
497.8(12) 2725.6(11) 0.3(2) 8 = (67)
522.2(3)  3723.8(12) 1.0(2) 1.4(3) E2 13 - 11
595.0(4)  4038.9(13) 1.0(2) 1.4(2) E2 147 - 1209
625.2(3)  2725.6(11) 3.3(4) 0.7(1) M1/E2 87 -7
661.1(5)  4384.6(13) 1.0(2) 1.4(3) E2 15 — 130
719.1(5)  4757.7(14) 1.2(2) 1.3(1) E2 167 — 14
776.0(7)  5160.6(15) 0.9(2) 1.5(2) E2 170 — 150
825.3(6)  5583.0(15) 0.6(1) 1.3(2) E2 187 — 16
870.6(8)  6031.2(17) 0.7(2) (197) —» 17
904.8(9)  6487.8(18) 0.3(1) (207) — 18
958.9(9)  6990.1(19) 0.6(2) (217) = (197)
999.8(8)  7487.6(20) 0.2(1) (227) — (207)
1045.2(9) 8035.3(21) 0.4(2) (237) — (217)
1082.3(14) 2725.6(11) 0.4(2) 87 — gf
1088.6(13) 8576.2(23) 0.19(6) (247) — (227)
1133.4(11) 9168.7(24) 0.2(1) (257) — (237)
1175.6(15) 9751.8(28) 0.15(5) (267) — (247)
1217.5(16) 10386.2(29) 0.17(4) (277) — (257)
1259.8(16) 11011.6(32) 0.10(5) (287) — (267)
1300.4(19) 11686.6(34) 0.11(7) (297) — (277)
1348.2(21) 12359.8(38) <0.1 (307) — (287)

“Relative intensities corrected for efficiency, normalized to the intensity of the 185.2-keV transition. The transition intensities
were obtained from a combination of total projection and gated spectra.

®Rpco has been deduced from an asymmetric 4 — ~ coincidence matrix sorted with the detectors at 157.6° on one axis, and
detectors at &~ 90° on the other axis. The tentative spin-parity of the states are given in parentheses.

“Rac has been deduced from two asymmetric v — 7 coincidence matrices sorted with the detectors at 133.6° and 157.6° on one
axis, and detectors at =~ 90° on the other axis. The tentative spin-parity of the states are given in parentheses.

4 DCO ratios for Band 1 deduced from the spectrum gated on the stretched quadrupole 185-, 358-, 605-, 860-, and 1131-keV
transitions. DCO ratios for Band 3 deduced from the spectrum gated on the stretched quadrupole 461- and 846-keV

transitions.

¢ DCO ratios for Band 5 deduced from the spectrum gated on the dipole 131-, 161-, 280-, and 315-keV transitions.

The configuration assigned to the negative-parity
Bands 3 and 4 should involve low-lying opposite-parity
orbitals in the odd-even neighboring ''Ba and ''°Cs.
Such orbitals have been recently assigned to the low-
lying Bands 3 and 2 in ''9Ba, which have band heads
at 0 and 53 keV, and vgr/5[411]3/2% and vds/5[413]5/2%
configurations, respectively [4], as well as to Bands 4 and
5 in 119Cs, which have band-heads at 144 and 209 keV,

and 7wds/5[420]1/2% and mg7/5[422]3/2 configurations,
respectively [5]. To pin-down the nature of Bands 3 and
4, we plotted the systematics of the negative-parity bands
built on the 5~ states and the ground-state bands, as well
as the energy minus a rotating liquid drop £ — Egrrp
[11] of the corresponding bands observed in the neigh-
boring '8~124Ba nuclei in Figs. 6 and 5, respectively,
in which one can see the evolution as a function of the
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FIG. 2. (Color online) Double-gated spectra from v coincidences measured with only JUROGAM 3, without conditions
on the mass spectra detected at the MARA focal plane. Peak energies are in blue, red and black for previously known, new
and contaminant transitions, respectively, while the gating transitions are indicated in green with ”G” when only one double
gate was used. (a) Spectrum double gated on the 605- and 690-keV transitions of Band 1, showing in-band transitions up to
1288 keV, with a zoom in the high-energy part in the inset. (b) Spectrum for Band 3 obtained by summing the spectra double
gated on any combination of the 185-, 358-, 495-keV transitions of Band 1, and of the 340-, 461-, 571-, 846-, 901-, 952-, 1019-,
1062-,1100-, 1178-, 1263-keV transitions of Band 3, with a zoom in the high-energy part in the inset. (c) Spectrum double
gated on the 571- and 675-keV transitions, and, in the inset, the spectrum double gated on the 571- and 605-keV transitions of
Bands 3 and 1, respectively. (d) Spectrum for Band 4 obtained by summing the spectra double gated on the 185-, 358-, 495-keV
transitions of Band 1 and on the 467-, 414-, 514-, 633-, 734-, 820-,1218-keV in-band and the connecting transitions to Bands
1 and 3, and, in the inset, the spectrum double gated on the 358- and 414-keV transitions of Bands 1 and 4, respectively. (e)
Spectrum for Band 5 obtained by summing the double gated spectra on all in-band E2 and the interconnecting transitions of the
two cascades of Band 5, and on the 185-, 358-, 495-and 605-keV transitions of Band 1, and, in the inset, the high-energy part of
the spectrum for Band 5 obtained by summing the spectra double gated on all in-band E2 and the interconnecting transitions
of the two E2 cascades. (f) Spectrum double gated on the 161- and 495-keV transitions of Bands 5 and 1, respectively.

neutron number. As the bands in the 118:122:124By nu- conﬁgurations mhi1 /2, wds2[420]1/27F, mgq/2[422]3/27,
clei have been interpreted as two-proton configurations and gy 5 / n 19Cs, respectively. One can therefore con-
[1, 3, 27, 30], we also assign a two-proton configura-
tion to Bands 3 and 4 of '2°Ba, with one proton in
the mh11/5[541]3/27 orbital and the other proton in the configurations with nearly similar relative excitation en-
mdy/2[420]1/2% orbital which is strongly mixed with the ergies in 120Ba. In Fig. 3(a) one can also see changes
close lying mg7/2[422]3/ 2% orbital. The present config- of the slopes along Bands 1 and 2, which can be due to
uration assignment to Bands 3 and 4 is similar to that  ejther crossing between different configurations or shape
proposed in Ref. [8]. changes in the same configuration. Hints on the possible
shape changes will be discussed later, based on CNS and
PNC-CSM calculations. In the following we discuss the
alignment properties of the observed bands.

clude that the coupling of an hy; /o proton with the low-
lying proton configurations in '*Cs induces, as expected,

By assigning the (7rh11/2)2 configuration to Band 1,
72[541]3/27[420]1/2F mixed with 72[541]3/27[422]3/27F
to Bands 3 and 4, and 7 (h, 1/299_/12) to Band 5, one obtains
an interpretation coherent with the observed low-lying The quasiparticle aligned angular momenta i, of the
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FIG. 3. (Color online) (a) Excitation energies relative to a

rigid rotor for the bands of *°Ba. (b) Single-particle aligned
angular momenta i, as function of the rotational frequency
hw for the observed bands in '?°Ba. The angular momen-
tum of the core is parametrized with the Harris parameters
Jo = 17 °MeV™" and J> = 25 h*MeV~>. The K values
are chosen in agreement with their assigned configurations: 0
for Bands 1 and 2, 3 for Bands 3 and 4, and 6 for Band 5.
Filled (open) symbols indicate states with even (odd) spins,
continuous (dashed) lines indicate positive (negative) parities.

observed bands in 2°Ba are shown in Fig. 3(b), and of
selected bands in '19Ba and '2°Ba in Fig. 7. In Fig. 3(b)
one can see that the alignments of all bands saturate at
values below 11A, except for Band 2 which reaches i,
values higher by ~ 3Ah than those of the other bands,
before turning down at the highest frequencies. This pe-
culiar feature of Band 2 has been analyzed in Ref. [2],
in which the i, values have been compared with those of
Band 2 in ''9Ba, resulting to be similar after subtract-
ing the alignment of the unpaired neutron present in the
positive-parity v(g7/2/ds/2) (vds/2[413]5/27 in Ref. [4])

80 I T \
®-eBand 1
3 e 120Ba_ ®-e®Band2|
\ ©-OBand 3
601 N\ ®-eBand 4| |
o ®-®Band 5
§ AN o0
(] L 4
=
b
<40 B
\
20+ -
! ! ! !
0 0.2 0.4 0.6 0.8

ho (MeV)

FIG. 4. (Color online) Experimental moments of inertia J(*)
for all bands of '2°Ba. The states with signature o = 0 and
« =1 are drawn with filled and open symbols, respectively.

configuration of ''Ba. The present results on 2°Ba and
those on 19Ba [4], confirm the results of Ref. [2], in which
the four-quasiparticle configuration 7(hy1/2)? @v(hi1/2)?
has been assigned to the high-spin part of Band 2. How-
ever, as one can see in Fig. 1, the two out-of-band
transitions from the 221 and 24% states of Band 2 are
simply connecting transitions to states of Band 1, being
induced by the crossing and associated mixing between
the bands. The claimed novel phenomenon of forking
of the ground state band in two bands and their re-
combination into a single band can in fact be simply
explained by the crossing between the two-quasiparticle
band built on the 7r(h11/2)2 configuration of Band 1 above
the upbend with the four-quasiparticle band built on the
m(h11/2)? ® v(hy1/2)? configuration of Band 2 above the
upbending, which occurs at I™ = 227F or equivalently at
a rotational frequency of fiw =~ 0.55 MeV. As one can see
in Fig. 3(b), the alignment in both Bands 1 and 2 are
perturbed at frequencies around =~ 0.5 MeV, due to the
mixing of the states with I™ = 221 and I™ = 247.

The alignment gain exhibited by Bands 3 and 4 at ~
0.4 MeV is smaller and more gradual than that in Band
1 which is induced by two hy; /o protons. This is in agree-
ment with the assigned two-proton configuration involv-
ing only one proton in the hy1/, orbital, with the other
proton occupying the strongly mixed lower-;j Nilsson or-
bitals 7ds/2[420]1/2% and mgr2[422]3/27F.

The alignment of Band 5 composed of degenerate sig-
nature partners of ~ 5.5 at the band head, can be ac-
counted for by the occupation of the high-Q 7[404]9/2%
extruder orbital which carries a very small alignment,
and the low-Q m[541]3/2~ orbital which carries i, ~ 5h.
The 72[541]3/27[404]9/2" configuration assignment to
Band 5 is therefore supported by the experimental align-
ment.
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B. CNS and PNC-CSM calculations

To get further insight into the band structure of ?°Ba,
CNS and PNC-CSM calculations have been performed.
The CNS calculations of the possible configurations al-
lowed to estimate the shape of a given configuration and
its evolution with spin. However, as in CNS calcula-
tions the pairing is neglected, the alignments and cross-
ing frequencies are not well reproduced. The calculated
quadrupole and triaxial deformations of the assigned con-
figurations are listed in Table II, together with those
reported in Ref. [2], which were obtained from Total
Routhian Surface (TRS) calculations. One can see that
both models predict similar quadrupole deformations,
slightly higher by TRS calculations, while the calculated
triaxial deformations for some configurations are quite
different. However, the calculated quadrupole deforma-
tions are smaller by & 20% than those used in the PNC-
CSM calculations which reproduce well the experimental
data. Differences between calculated and experimental
deformations have been discussed in our recent works on
19Ba [4] and 9Cs [5, 24, 25], which show that PNC-
CSM calculations can well reproduce the band properties
by adopting the experimental deformations measured for
the bands heads. However, as the shape driving prop-
erties of the orbitals do not change significantly with
deformation, the relative magnitudes of the calculated
quadrupole deformations can be used to understand the
impact of different orbitals on the nuclear deformation,

(Color online) Systematics of the negative-parity bands built on the 57 states and the ground-state bands in

while the calculated triaxial deformation can be used to
understand the evolution of the band properties as func-
tion of spin.

The PNC-CSM calculations have been performed as-
suming an axial deformation of €5 = 0.32 for all bands,
as in the case of the odd-even neighboring ''°Ba and
H9Cs nuclei [4, 5, 24, 25], whose single-particle configu-
rations are involved in the two-particle configurations of
the bands in ?°Ba.

As one can see in Fig. 8, the magnitude of the MOI
and the frequency of the 7r(h11/2)2 alignment in Band 1
are well reproduced for €5 = 0.32. A successive grad-
ual V(h11/2)2 alignment around hw &~ 0.48 is predicted,
which leads to a good agreement of the projection of the
angular momentum on the cranking axis J, up to high
frequencies, see Fig. 8(c). This good agreement between
the PNC-CSM and experiment for Band 1 gives credence
to the small triaxiality predicted by TRS calculations,
and invalidates the large triaxiality calculated with CNS
in which the pairing correlations are neglected.

As one can see in Fig. 8(a), the MOI of Band 2 is
not reproduced for e5 = 0.32, thus a smaller deforma-
tion with 5 = 0.28 was adopted. The MOI is there-
fore well reproduced around the crossing frequency be-
cause the alignment of protons and neutrons occurs at
similar frequencies, but is underestimated at high fre-
quency. This can be due to a change in deformation,
as suggested by both TRS and CNS calculations, which
predict a slight increase of the quadrupole deformation
and a significant increase of the triaxial deformation from
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FIG. 6. (Color online) Experimental excitation energy relative to a rotating liquid drop E — Erzp [11] as a function of the
spin for the bands of ¥ Ba [1], '*°Ba (present work), '**Ba [30], and '?*Ba [27] nuclei. The tentative spins of band 4 of '**Ba
assigned in Ref. [30] have been increased by 27 to obtain the gradual change of the excitation energy of the strongly-coupled

bands (drawn in red) in the sequence of Ba nuclei.

TABLE II. Assigned configurations, experimental crossing frequencies fiwezp in MeV, and deformation parameters (B2,7)
calculated in Ref. [2] using the TRS model, and (e2,7) calculated in the present work using the CNS model. The approximate
relation between 32 and ez valid for small deformations is 2 ~ 0.9582 [31].

Band Configuration AWeap BT RTINS TES T, ONS
Band 1 low vacuum 0.28 1 0.25 | -5 -10
Band 1 high Thi1 0.38 | 0.26 | 0.26 | 1° | -20°
Band 2 low vhi, ), 0.40 | 0.28 | 0.25 | -3° | -2°

Band 2 medium Thi e @ VAT, o 0.30 | 0.27 | -13° | -15°
Band 2 high Thi s @ VR, 2 fi/0 0.68 0.20 20°
Band 3 low w2[541)3/2[420]1/2 0.24 17°
Band 3 high |7°[541]3/2[420]1/2 ® vh3, ), 0.24 -10°
Band 4 low 7w2[541]3/2[422]3/2 0.25 17°
Band 4 high |7°[541]3/2[422]3/2 ® vhi, 5| 0.44 0.25 17°

Band 5 w2[541]3/2[404]9/2 0.27 10°

v &~ —2° around the crossing frequency to v ~ —14° at
higher frequency. At Aw =~ 0.68 MeV, an up-bend is
observed in Band 2, which can be due to the crossing be-
tween the vhyy/2[532]5/27 and v f7/5[541]1/27 orbitals.
In fact, the ©2[532]5/27[541]1/2~ configuration, which is
predicted to have a positive triaxiality of v ~ 20°, ex-

hibits a MOI which is in good agreement with the high-
frequency part of the experimental band calculated for a
deformation of €5 = 0.32 [see Fig. 8 (b)].

The MOIs of Bands 3 and 4 exhibit a gradual in-
crease at hw ~ 0.44 MeV. The PNC-CSM calculations
are in qualitative agreement with the experimental data
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in the crossing region if the mixed w2[541]3/2~[420]1/27F
- 72[541)3/27[422]3/2% configuration is assigned. As
one can see in Fig. 9, the MOIs and J, are well re-
produced around the crossing frequency and above, but
the high calculated J™) at low frequency is not observed
experimentally. This suggests a more complex configu-
ration at low spin, which is beyond the present PNC-
CSM calculations for axially symmetric shapes. The
possible alternative negative-parity 12[532]5/2[411]3/2
and v2[532]5/2[413]5/2 configurations which can describe
Bands 3 and 4 were also investigated, see Fig. 10. How-
ever, the experimental alignment in the crossing region
is not well reproduced and we can safely discard it.

As will be discussed in the following, the PNC-CSM
calculations including octupole collectivity can achieve
a better description of the negative-parity bands at low
spin. The calculations for the neighboring 118122:124B4
nuclei shown in Fig. 11 exhibit a similar behavior at low
frequency, where the MOIs of the odd-spin bands are
overestimated. One should also note that the CNS cal-
culations for Band 3 show an increase of the triaxiality
from v & 17° below the crossing to 7 ~ —10° above the
crossing, while not such a shape change is calculated for
Band 4 (see Table II).

C. Possible octupole correlations

In order to investigate the octupole collectivity in the
negative-parity bands, we performed PNC-CSM calcula-
tions using the formalism based on an octupole-deformed
Nilsson potential, which was successfully applied to the
alternating-parity bands in 236:238U and 23%:240pu [15].
The results of the calculations for Band 1, 3 and 4 of
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FIG. 8. (Color online) (a) and (b) Moments of inertia J®),

and (c) projections of the angular momentum on the crank-
ing axis J, for Bands 1 and 2 of '?°Ba calculated using the
PNC-CSM model assuming axially symmetric shapes. The
calculated values in panels (b) and (c) are for a deformation
of e5 = 0.32.

120Ba are shown in Fig. 12. One can see that the
MOI of the ground state Band 1 is well reproduced over
the entire frequency range, like in the calculations for
axially symmetric shapes (see Fig. 8), while those of
Bands 3 and 4 are in very good agreement with the ex-
perimental values down to the lowest observed frequen-
cies for an octupole deformation €3 = 0.003, a behav-
ior opposite to that of the MOIs calculated without oc-
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FIG. 9. (Color online) (a) Moments of inertia J®*), (b) pro-
jections of the angular momentum on the cranking axis J, for
the m°[422]3/2%[541]3/2~ and 72[420]1/2% [541]3/2~ configu-
rations assigned to Bands 3 and 4 of *°Ba calculated using
the PNC-CSM model assuming axially symmetric shapes.

tupole deformation for the two-quasiparticle configura-
tions 72[541]3/27[420]1/2% and w2[541]3/27[422]3/2F,
which are much higher than the experimental values at
low frequency (see Fig. 9). As the experimental MOIs
are better reproduced by assuming reflection-asymmetric
shapes, one can conclude that the negative-parity Bands
3 and 4 are built on two-quasiparticle configurations with
significant octupole collectivity. A similar conclusion can
be drawn for the negative-parity bands in the neighbor-
ing 118:122,124B5 which exhibit MOIs similar to those of
120Ba (see Fig. 11).

From the measured intensities of the out-of-band E1
and in-band F?2 transitions of the negative-parity bands,
we extracted the ratios of reduced transition probabilities
B(FE1)/B(E2) shown in Fig. 13 together with the values
of neighboring Ba and Xe isotopes. These ratios are ex-
pected to increase with increasing octupole correlations
[1, 3]. The measured values for Ba nuclei are smaller than
those in the Xe nuclei, have values similar to those of the
negative-parity bands in other neighboring nuclei (see e.
g. [32]), and exhibit a slight decrease with decreasing
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FIG. 10. (Color online) (a) Moments of inertia J), (b) pro-
jections of the angular momentum on the cranking axis J,
for the v?[532]5/27[411]3/2% and v?[532]5/27 [413]5/2% con-
figurations calculated using the PNC-CSM model assuming
axially symmetric shapes.

neutron number. This is surprising, because intuitively
one would expect an increase of the octupole correlations
when the neutron number decreases towards the N = 56
magic number for octupole correlations.

In order to understand this surprising behavior of the
experimental B(E1)/B(E2) ratios, we performed calcu-
lations using the Quadrupole and Octupole Collective
Hamiltonian based on the Relativistic Hartree Bogoli-
ubov (QOCH-RHB) model [16], employing the DD-PC1
density functional [17]. The B(E1) values are calculated
as follows: firstly, we perform a constrained relativistic
Hartree-Bogoliubov (RHB) calculation to obtain the in-
trinsic dipole moments Dy in the (32, 83) plane using the
dipole moment operator D = e%rp — e%rn (Eq. 11 in
Ref. [33]); secondly, the QOCH with parameters deter-
mined by the constrained RHB calculation is solved to
obtain the collective wave functions for the ground and
excited states; finally, we calculate the B(E1) values by
integrating the dipole moment Dy and the collective wave
functions of the initial and final states in the (B2, [3)
plane. Fig. 15 displays the calculated intrinsic dipole
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rameters €2 = 0.32, e2 = 0.003.

moments Dy in the (B3, 83) plane for the Ba and Xe iso-
topes. Meanwhile, the expectation deformations for the
states 7~ and 97 are also shown by the blue and red
diamonds, which are calculated from the corresponding
collective wave functions (see Fig. 16). It is interesting to
find that the deformation dependence of the microscopic
intrinsic dipole moments Dy is quite different from that
of the liquid-drop model Dy = CpAZef203 (Eq. 92 in
Ref. [33]). This could be because the dipole moments are
rather sensitive to the single-particle properties and can-
cellation effects. According to the procedure used in the
present QOCH-RHB calculations, the B(E1) values are
generally dominated by the dipole moments Dy around
the peak of the collective state (see Fig. 16 and dia-
monds in Fig. 15). Therefore, from 122Ba to 1°Ba, the
absolute values of the corresponding Dy dipole moments

decrease gradually while the E2 transitions are almost
unchanged (see Fig. 17), thus leading to the downs-
lope of the B(FE1)/B(E2) values with decreasing neu-
ron number. However, from '“Ba to 1'?Ba, the |Dy|
dipole moments increase, explaining thus the increase of
the B(F1)/B(E2) ratios. For the whole Xe isotopes, the
|Dg| values around the peaks of the collective states de-
crease gradually over the entire sequence from heavy to
light nuclei.

Calculated potential energy surfaces and energy spec-
tra for 1127124Ba and 197120Xe are given in Figs. 17,
18, 19. In Table IV we list the deformation parame-
ters (B2, B3) for the global minima of the PESs in Fig.
17, which are calculated by the constrained relativistic
Hartree-Bogoliubov without cranking.

One can observe the evolution of the octupole defor-
mation with decreasing neutron number: softness along
both B2 and (3 axes is present in the heavy isotopes,
which evolves into well established minima in !?Ba and
14Ba, narrow in B, and wide in B3 directions. A similar
evolution is also present in the Xe nuclei, with a mini-
mum centered on the B2 axis which exhibits an increasing
softness along the f3 axis and becomes narrower in the
B2 direction for light nuclei. The calculated B(E3) values
increase by a factor of two from ?4Ba to '*Ba (see in
Fig. ?77?), which indicate increasing octupole correlations
with decreasing N, with ''*Ba having the highest values.
A similar evolution is present in the Xe nuclei, with the
highest B(E3) values calculated for 11°Xe. The calcu-
lated B(FE1) values are rather high but have an opposite
behavior, going down by a factor of 10 when going from
12483 to 'Ba, and then jumping up in '?Ba.

The calculated K™ = 0~ bands lie 1-2 MeV higher than
the experimental ones. The calculated B(F1)/B(E2)
values reproduce the observed decreasing trend towards
smaller neutron numbers, but are about one order of
magnitude higher than the experimental ones. The cal-
culated octupole softness in the S5 — (3 plane and the
high B(E1)/B(E2) values can be induced by the used
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TABLE III. Experimental and calculated with the QOCH-RHB model B(FE1)/B(E2) ratios for the 7~ and 9~ transitions in

18-124B, and 1107120Xe nuclei, respectively.

10~ °B(E1)/B(E2)[fm?][QOCH-RHB[10"°B(F1)/B(E2)[fm?]|QOCH-RHB| References
77 — 6T (Exp.) 77— 6" 9~ — 8T (Exp.) 9~ — 8"
2R, 1.01 1.10 Present work
H4p, 1.43 0.15 Present work
16R, 0.79 0.08 Present work
118Ba 0.007" 0.24 0.007% 0.25 [1]
118Ba 0.019(4) 0.24 0.019(3) 0.25 Present work
1203, 0.033(6) 0.42 0.018(3) 0.42 Present work
1223, 0.67 0.036 0.65 [26]
124Ba 0.040(11) 1.00 0.054(13) 0.96 3]
16Xe 0.049(3) 0.60 0.092(4) 0.53 [28]
H8Xe 0.113(18) 0.66 0.069(7) 0.60 [29]
120Xe 0.86 0.092(11) 0.78 [29]

* Quadrupole moment of Q = 496 e¢fm? was adopted from Ref. [1].

TABLE IV. The deformation parameters (f32,3), and the
quadrupole moments for neutrons ( @), for protons ( Q)
and total ( Qtotar) calculated at the minima of the PES figures
of Fig. 14.

(B2, B5) [ @nlefm*)[Qp(efm?)|Qrotat(efm?)
T2Bal(0.27, 0.21)] 373.85 395.68 769.53
14Bal(0.26, 0.14)| 376.44 377.30 753.74
16Ba| (0.41,0) | 628.86 597.56 1226.43
18Bal (0.38,0) | 617.06 560.15 1177.22
120Ba| (0.33,0) | 560.29 474.85 1035.14
122Bal (0.33,0) | 590.97 485.26 1076.23
121Bal (0.32,0) | 604.16 480.27 1084.44
10Xe[(0.22, 0.04)| 311.60 300.55 612.15
H2x%e| (0.22,0) | 330.48 302.01 632.49
H4xXe| (0.23,0) | 368.26 316.99 685.25
H6xXe| (0.26,0) | 431.63 350.21 781.85
H8Xe| (0.30,0) | 511.56 404.36 915.92
120Xe| (0.32,0) | 574.60 | 448.76 1023.36

density functional, but can also correspond to higher-
lying negative-parity bands, which are yet unobserved ex-
perimentally. The '127122Ba and '19~!20Xe spectra can
also be checked for octupole collectivity by the collective
quadrupole-octupole rotation model (QORM) [34], as re-
cently done for 13Nd [32], in which enhanced octupole
correlations were observed at high spin. The energy spec-
tra are well reproduced [35], which suggests the possible
existence of octupole collectivity.

D. Strongly coupled Band 5

The negative-parity Band 5 has a configuration in-
volving the strongly coupled mgg/5[404]9/2" and the de-
coupled 7hyy/2[541]3/27 orbitals present at low excita-
tion energy in 19Cs [5, 24, 25]. Similar bands have
been observed in 122124Ba [3, 26, 27] and in 116:118:120X¢
[28, 29]. Band 5 exhibits a MOI which increases at low

T T T T T
1 E
(\Il’_‘ ..... FRRRRISE
aé e
=
2
= 0.1 .
S
= r
m -
N’
m
Ay
2 e—e 7 Baexp. o—e 7 Xeexp.
=—a 9 Baexp. =—a 9 Xeexp.
001:_ o0 7'Bacalpc. @0 7 Xecale. E
F . m--m 9 Bacalc. m--® 9 Xe calc.
. . . 7, 9'|Ba exp. (from Ref. [1]) )
62 64 66 68
Neutron number (N)
FIG. 13. (Color online) Comparison between experimental

ratios of reduced transition probabilities B(E1)/B(E2) and
those calculated using the QOCH-RHB model for light Ba
and Xe nuclei. The experimental values are from Ref. [1] for
'18Ba, from the present work for '*°Ba, from Ref. [26] for
122Ba, from Ref. [3] for **Ba, from Ref. [28] for ''®Xe, from
Ref. [29] for '®Xe, from Ref. [29] for *°Xe.

frequency as in the band built on the why;/2[541]3/27
orbital in 19Cs [5, 25]. The degeneracy of the cas-
cades with even and odd spins indicates the occupation
of a high-Q orbital, which must be the strongly coupled
Tgo/2[404]9/2T orbital. As one can see in Fig. 14 the
MOI and J, are well reproduced, therefore we assign the
72[541]3/27[404]9/2% configuration to Band 5.

IV. SUMMARY

In summary, the present work reports three new
negative-parity bands in '2°Ba, and examines the band
structure using the CNS, PNC-CSM, and QOCH-RHB
models. A good agreement between the theoretical cal-
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culations and experimental data is achieved for all bands.
The crossing frequencies are reproduced by adopting a
deformation 20% larger than that predicted by TRS and
CNS calculations. The alignment of Band 2 at high
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spin is suggested to be due to the occupation of the
v f7/2 intruder orbital which crosses the vhyy/y orbital
at high frequency. A simple explanation of the positive-
parity bands at high spin is proposed. The comparison of
the observed band structure with those of the odd-even
1984 and ''Cs neighboring nuclei leads to consistent
configuration assignments based on PNC-CSM calcula-
tions. The extent of octupole correlations in the negative-
parity bands is also investigated in the light Ba and Xe
nuclei. The calculated B(F1)/B(E2) values using the
QOCH-RHB model reproduce the decreasing trend to-
wards lower neutron numbers and the higher values in
Xe nuclei, but are an order of magnitude higher than the
experimental values. The PNC-CSM calculations includ-
ing octupole deformation of the two-proton configuration
Thiie ® 7r(d5/27g7/2) assigned to the bands built on the
57 and 6~ states, reproduce very well the experimental
data, suggesting the possible existence of moderate oc-
tupole collectivity in the negative-parity bands of nuclei
in this mass region.
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(Color online) The calculated intrinsic dipole moments Dy in the (82, 83) plane for the Ba and Xe isotopes. The

(Color online) The probability density distributions in the (82, 83) plane for the 7~ and 9~ states in Ba isotopes,
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