Chinese Physics C  Vol. 50, No. 11 (2026) 114108
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Abstract: Signature splitting in the vk, rotational bands of the odd-N neutron-deficient isotopes '"'?’Ba is in-
vestigated systematically. Band crossings and shape evolution are studied using pairing- and deformation-self-con-
sistent Woods-Saxon-Strutinsky calculations within the total-Routhian-surface (TRS) method in the (8,,y.8;) de-
formation space. Calculated alignments and deformation-dependent Routhians indicate that proton-pair alignment is
favored in ''""'*Ba, whereas proton and neutron alignments compete in '**'*’Ba. The signature splitting of the low-
est hyy, quasineutron Routhians is examined as a function of 3, and y, both below and above the first band crossing.
The observed reduction and occasional inversion of the splitting are interpreted qualitatively in terms of competing
y-driving tendencies of the strongly coupled odd neutron and the aligned proton pair. For the heavier isotopes, the
calculations associate large splitting with an aligned, oblate v, configuration; this association may help explain
why only one member of a partner pair has been identified experimentally at high spin.
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I. INTRODUCTION

Signature is a quantum number used to classify high-
spin rotational spectra and is associated with the sym-
metry of the nuclear wave function under a rotation of
180° about an axis perpendicular to the symmetry axis
[1]. For a deformed, rotating nucleus, signature distin-
guishes two energetically similar sequences of states that
differ in angular momentum by one unit (Al =1) [2].
These sequences, known as signature-partner bands, are
labeled by signature quantum numbers a = +1/2 for odd-
mass nuclei and arise from the intrinsic symmetry of the
single-particle orbitals under rotation. The energy differ-
ence between these partner bands, termed signature split-
ting, is sensitive to shell structure, deformation, and rota-
tional frequency, making it a useful probe of nuclear
shape and quasiparticle configurations [3].

The origin of signature splitting is fundamentally
linked to the admixture of K =1/2 components in the
quasiparticle wave functions. Thus, signature splitting
serves as a sensitive indicator of two-quasiparticle bands
and provides insight into the deformation-driving effects
of the orbitals involved in their coupling [4—6]. Large sig-
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nature splitting is generally observed for low-K orbitals
within a high-j shell, whereas mid- to high-K orbitals ex-
hibit smaller splitting owing to reduced K =1/2 admix-
ture [7, 8]. The splitting is sensitive to nuclear triaxiality,
as different quasiparticles can induce different y deforma-
tion values depending on the position of the chemical po-
tential [9].

Signature inversion, a reversal of the usual signature
splitting pattern at low spin, has been observed in odd-
odd nuclei where both odd nucleons occupy high-j orbit-
als, such as the 7hy;, ® vhy 1, configuration near A =~ 130
and the ﬂ'hn/z ®Vi|3/2 conﬁguration near A =~ 160 [5, 6]
Theoretical interpretations of signature inversion invoke
beyond-mean-field effects, including dynamic deforma-
tions associated with vibrations [10], wobbling motion
[11], proton-neutron residual interactions [12], and quad-
rupole pairing correlations [6]. This pronounced phe-
nomenon is a valuable indicator of triaxiality in rotating
y-soft nuclei [13].

The odd-4 barium isotopes ''"'?’Ba lie between the
neutron shell closures at N =50 and N =82. This mass
region is of particular interest because it exhibits large
quadrupole deformations (B,), with the neutron Fermi
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surface near the middle of the vhA,,, shell and the proton
Fermi surface in the lower part of the intruder subshell.
Consequently, proton and neutron excitations compete
and drive the nuclear shape toward prolate and oblate
configurations, respectively [14].

The odd-N nuclei are particularly useful for studying
proton alignment because the odd neutron blocks one
member of the lowest neutron-pair alignment. Previous
calculations have demonstrated that the relative proton
and neutron alignment frequencies are sensitive to nucle-
ar shape [15, 16]. At low frequency, the shape of these y-
soft nuclei is strongly influenced by the wvalence
quasineutron; at higher frequency, the deformation-driv-
ing effects of the aligned quasiparticles must also be in-
cluded [17]. Observables such as signature splitting there-
fore provide a sensitive probe of the deformation and
configuration of odd-4 nuclei [3, 13, 18, 19]. However, a
small signature splitting may also reflect tilted-axis rota-
tion, which is beyond the present principal-axis frame-
work [20].

This sensitivity is pronounced in the low-lying negat-
ive-parity bands of ''"'?’Ba. The one-quasiparticle bands
below the first crossing and the three-quasiparticle bands
above it need not have the same equilibrium deformation.
The present work focuses on bands based on a neutron
hy12 quasiparticle and follows the effects of proton and
neutron A, pair alignments as the rotational frequency
increases. Previous investigations reported substantial
signature splitting in neutron 4, bands with K™ =5/2-
or 7/2- for nuclei with N =61-71. These bands have
been interpreted using, among other approaches, the in-
teracting boson model [21, 22] and the projected shell
model [23]. The present work adds a configuration-de-
pendent, isotope-wide TRS analysis. In particular, it (i)
compares the measured and calculated alignments for
both signatures, (ii) tracks the 8, and y dependence of the
lowest quasiparticle Routhians on both sides of the first
crossing, and (iii) separates the proton-aligned and neut-
ron-aligned interpretations of the high-spin bands in the
heavier isotopes. This provides a unified test of how
shape evolution and quasiparticle alignment control sig-
nature splitting across the ''’"'¥’Ba chain.

This paper is organized as follows. Section 2 elabor-
ates on the fundamental principles and computational
procedures of the present pairing- and deformation-self-
consistent Woods-Saxon-Strutinsky calculations. Section
3 systematically presents the numerical results on signa-
ture splitting and inversion in ''""'*’Ba isotopes, together
with an in-depth analysis and comparative discussion.
Section 4 concludes by summarizing the main findings
and key innovations of this study and outlines feasible
directions and prospects for future work.

II. THE THEORETICAL FRAMEWORK

The total-Routhian-surface (TRS) calculations used in

this work are based on a pairing- and deformation-self-
consistent cranked mean-field approach [6, 24]. The total
nuclear energy consists of a macroscopic component and
a microscopic correction. The macroscopic energy is de-
rived from the shape-dependent liquid-drop model
(LDM), with parameters adopted from Myers and Swi-
atecki [25]. The microscopic correction, which reflects
the nonuniform distribution of single-particle levels in the
nucleus, primarily includes shell and pairing corrections.
These are computed using the Strutinsky smoothing
method [26] and the Lipkin-Nogami (LN) method [27,
28], respectively.

In the cranking approximation, the nucleus rotates
about the fixed x axis at rotational frequency w. Pairing
correlations, which depend on both frequency and de-
formation, are treated within the cranked Hartree-Fock-
Bogoliubov approximation. The equations are solved at
each point on a deformation grid in (B,,7,84), and the
pairing field is determined self-consistently at each fre-
quency and deformation.

Approximate particle-number projection is included
through the Lipkin-Nogami method. The resulting
cranked Lipkin-Nogami equations define the quasi-
particle Routhians [2, 24]. The auxiliary Routhian H is

H=H-A,N -1, (1)

where N denotes the nucleon-number operator and H¢
denotes the cranking Hamiltonian, which comprises the
single-particle Hamiltonian H,,, the pairing Hamiltonian
ﬂpair, and the cranking term,

HY = Hy+ Hyir — wJ, = E exaya,—G E ajaiaa; - wl,,
p P
(2)

where ¢, denotes the single-particle energy, G is the pair-
ing strength, and [k) = T|k), where 7' is the time-reversal
operator. The operator J, is the x component of the total
angular momentum, and «' and a denote particle creation
and annihilation operators, respectively. The monopole
pairing strengths were determined separately for protons
and neutrons using the average-gap prescription of Maller
and Nix [29]. For each particle species 7 = p,n, the pair-
ing strength is calculated as

2 VY A2 4y,

-1

G.= 2 |m _ : (3)
Pz Vet A2+ Y.
in which
-N./2+n.—1 -N./2+ny,
Yir = ~—17 27 = ~72, (4)
pr Pr
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where p, is the smoothed single-particle level density at
the Fermi surface, and n;. and n,. define the pairing
window. The empirical average pairing gap is used in
[29]

A, =33N;'"*f, MeV. (3)

In the Lipkin-Nogami method, the expectation value
of H is varied, with A; and A, treated as Lagrange multi-
pliers:

S(D|H|D) = 0, (6)

where |®) takes the standard BCS form

@) = | [+ veaa})io), ™
k

with the normalisation condition

w+vi=1, (®)

where |0) denotes the particle vacuum, and v} and u} are
the occupation and vacancy probabilities, respectively.
Thus, the self-consistent monopole pairing gap is

A = G, Zuk‘rvk‘r- (9)
k

The Lagrange multipliers A; and A,, as well as the ro-
tational frequency, are determined by constraining the
particle number and the angular momentum along the ro-
tational axis:

(DIN|®Y=n, n=ZorN, (10)

and

(O], |D) = 1,. (11)

Here, A; constrains the mean particle number, where-
as A, is obtained from the auxiliary equation for particle-
number fluctuations,

_¢ Zbo(uzvk)zbo(ukv’%) B Zk>0(ukvk)4
O ST e

The microscopic Lipkin—Nogami gap corresponding
to the experimental odd—even mass difference is defined

(12)

2

as

ALN,‘r = AT+/12,T’ T=p,n. (13)

The single-particle energies used in the shell correc-
tion are calculated using the deformed Woods-Saxon
(WS) potential and its universal parametrization [30]. The
WS Hamiltonian is diagonalized in an oscillator basis in-
cluding shells up to N, =12 for protons and N, = 14
for neutrons.

The nuclear surface is parameterized by a spherical-
harmonic expansion [31]. In the Lund convention [32],
the Cartesian quadrupole coordinates are

X =pB,cos(y+30°) and Y =p,sin(y+30°). (14)

The y parameter ranges from —120° to 60°. This range
can be divided into three sectors, —120° <y < -60°,
-60° <y <0°, and 0° <y < 60°, which correspond to the
same triaxial shapes at zero frequency but to rotation
about the long, medium, and short axes, respectively, at
nonzero cranking frequency. The four limiting values of y
at —120°, —-60°, 0°, and 60° correspond to axially sym-
metric shapes exhibiting different rotational behaviors. In
particular, v = —120° and 0° correspond to prolate shapes,
whereas y = +60° correspond to oblate shapes, each with
a distinct orientation of the nuclear symmetry axis relat-
ive to the rotation axis. At y = —120° and 60°, the nucle-
us undergoes non-collective rotation about its symmetry
axis, whereas at y = —60° and 0°, the rotation is collect-
ive and occurs about an axis perpendicular to the sym-
metry axis.

In reflection-symmetric nuclei, both signature () and
intrinsic parity () are good quantum numbers. The signa-
ture quantum number 7 is the eigenvalue of the operator
R, = exp(—inJ,). It is conventionally written as [1, 2]

r=e ", (15)
For a state of spin /, this gives
r=e, (16)

where / denotes the total nuclear spin. Thus, for an even
number of nucleons

r=+l@=0), [1=024, - (17)

r=-1l(a=1), I1=1,3,5,-- (18)

For an odd number of nucleons
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. 1 159

r= —l(al— +§)’ 1— E,E,E," (19)
. 1 3711

V—+l((l—_§), 1—5,5,7,"‘ (20)

Consequently, signature symmetry divides a rotation-
al sequence into two families of levels that differ by 27 in
spin. The two families share the same intrinsic configura-
tion but have different eigenvalues . The signature expo-
nent o, defined by I=a (mod 2), labels these families.
For an odd particle in an orbital with angular momentum
J, the favored signature is

1 1
ap= (=12, @1)
2
and the unfavored signature is
1 1
a, = E(_l)]Jrz’ (22)

where j represents the total angular momentum of the odd
particle [33].

1. RESULTS AND DISCUSSION

The odd-even staggering exhibited by these bands re-
flects the signature dependence of the Coriolis interac-
tion. We quantify it using

SH=EWD-[E(I+D)+E(I-1)]/2. (23)

Figure 1 shows S(I) for ''"""'*’Ba. For the A/, shell,
Egs. (16) and (17) yield the favored sequence I=
7/2,11/2,--- and the unfavored sequence I =5/2,9/2,---.
The alternating values of S(I) reflect the energy differ-
ence between these two negative-parity signature part-
ners. The signature splitting gradually increases up to
21 ~ 22 and then decreases significantly; anomalous split-
ting (signature inversion) is observed at high spin in
"Ba, '*Ba, and '*’Ba. Similar behavior has been ob-
served in the A =~ 110, 130, and 190 mass regions [4, 10,
18, 19, 40, 41], including in recent studies [42—46]. Sev-
eral interpretations of signature splitting and inversion
have therefore been proposed.

The proton and neutron single-particle energies as
functions of 3, are illustrated in Fig. 2. Near 8, =0.20,
the relevant proton states arise from the low-K [530]1/2
component of the £/, shell. For N =61-71, the neutron
Fermi level traverses the components with K =1/2 to
7/2. The negative-parity bands considered below are
based on an odd neutron occupying an orbital derived
from the vh,;/, shell. For an axially symmetric shape, the

300 - g4 3 121847
150 | L 1
ok L ]
1501 O oy L .
2 W o
=300 ——t——t——f ————t
> 300 - 12354 - 1275 41
150 | + + .
ok 4 4 ]
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5 20 35 50 65 20 35 50 65 20 35 50 65
21 (h)
Fig. 1. (color online) Energy-staggering parameter S (/) as a

function of 27 for '""'*'Ba. Filled and open symbols denote
the favored a; = -1/2 and unfavored «, = +1/2 components,
respectively, of the vi,;,, bands. Experimental level energies
are taken from ''"Ba [34], '""Ba [35], '*'Ba [36], '*Ba [37],
15Ba [38], '*’Ba [39], respectively.
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Fig. 2. Proton and neutron single-particle energies as func-

tions of B, for '*°Ba, calculated with the universal Woods-
Saxon Hamiltonian.

Coriolis interaction mixes intrinsic components with dif-
ferent K. Closely spaced components of a unique-parity
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shell mix more strongly, and the contribution of low-K
components can therefore enhance signature splitting as
the rotational frequency increases [6]. In a y-soft nucleus,
the splitting is also sensitive to changes between config-
urations associated with prolate, triaxial, and oblate min-
ima [18]. Signature splitting in a three-quasineutron rota-
tional band was recently analyzed in Ref. [47].

Figure 3 compares the experimental alignments (sol-
id symbols) with the calculated values (open symbols).
The experimental rotational frequency is estimated from

_EU+1)-E(I-1)
CETd+D-LA-1)

(24)

where I, = VI(I+1)— K> approximates the angular-mo-
mentum component along the rotational x axis; K is the
projection on the intrinsic symmetry axis. Panels (a) and
(b) show the favored and unfavored signatures, respect-
ively. At low frequency, the neutron contribution in-
cludes the angular momentum of the blocked odd
quasineutron. Because this odd neutron blocks the align-
ment of the lowest neutron pair, the first pronounced gain
in both signatures of ''"'**Bais assigned to the align-
ment of an hy,, proton pair near fiw=0.35 MeV. In
127Ba, the corresponding calculated proton alignment oc-
curs only near 0.60 MeV, and neutron-pair alignment be-
comes competitive. This result differs from calculations
restricted to prolate shapes [23] and from the systematic
proton assignment proposed for other proton-rich nuclei
near A ~ 130 [48].

Equilibrium deformations in soft nuclei can depend
appreciably on the model parameters [15]. To examine
this dependence across the alignment region, Fig. 4
shows deformation-dependent Routhians at 7w =0.25,

main crossing in the lighter isotopes, whereas the other
two sample the post-crossing regime. At fiw = 0.25 MeV,
the minima are generally prolate, with 8, ~ 0.25, as in the
neighboring even-even isotopes ''*'**Ba [15]. With in-
creasing frequency, the 8, minima in the lighter isotopes
remain in the prolate sector, and ''"Ba retains a particu-
larly pronounced minimum up to 7w =0.65 MeV. To-
ward '*>'?"Ba, however, the 8, surfaces become shallow-
er and develop competing minima, indicating increased
shape softness after the alignment region.

The evolution in the y degree of freedom is more pro-
nounced. The lighter isotopes retain minima near the col-
lectively rotating prolate region, whereas the heavier iso-
topes develop low-lying prolate, triaxial, and oblate al-
ternatives. In particular, an oblate minimum near
y=-60° becomes competitive in '“’Ba at hw =0.45
MeV, and the relative ordering of the shallow minima
changes again at 7iw = 0.65 MeV. The two signature part-
ners show similar overall 8, evolution but differ in their y
softness and in the ordering of the competing minima.
These changes occur in the frequency region where pro-
ton and neutron alignments compete and therefore indic-
ate configuration- and signature-dependent shape compet-
ition rather than a universal shape transition [16, 38, 39].

Quasiparticle alignments connect the calculated shape
evolution to the observed backbending. As the frequency
increases, Routhians belonging to different quasiparticle
configurations cross one another. Diabatic trajectories
that preserve their wave-function character through these
crossings can be associated with the connected experi-
mental rotational bands [2, 49, 50].

Figure 5 shows representative quasiparticle Routhi-
ans. Following Ref. [49], lowercase letters label proton
orbitals and uppercase letters label neutron orbitals; the

0.45, and 0.65 MeV. The first frequency lies below the negative-parity orbitals are denoted e, f,--- and E,F,---,
40 T T T T T T T T T T T T T T T T T T T T T T T T 40
@™ -@—Exp. 17 119 121 —@—Exp. 117 119 121 (b)
b Ba Ba | “Ba : o1 Ba 1 ""Ba [“'Ba 130
-O-1, —-O-1,
2o 21, T ] A + + 120
~OA
L 1 1 110
123'Ba I I I
-onu:+1/2

Q.QQQT\E)Q%QQAB‘EQ@QQﬂag"\q’gg’gQp‘b(}bggﬂbgf\cbgg’ggp‘bgbggﬂb
fio MeV)
Fig. 3.

I N A N R N T N N N N

fio Mev)

(color online) Experimental and calculated alignments /, as functions of %w for (a) @, = -1/2 and (b) «, = +1/2. The calcu-

lated total alignment and its proton and neutron contributions are shown separately.
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®=0.45

— - - uFIO.65

— = = 0=025
©=0.45
— = = ©=0.65 14

>
o= 112 a=+112 62
N
s

00 01 02 03 01 02 03 01 02

Fig. 4.

03120 60 0 60 60 0 60 60 0 60

Y (deg)

(color online) Deformation-dependent Routhians for ''7"'*"Ba as functions of (a) 8, and (b) y at hw = 0.25 (red), 0.45 (green),

and 0.65 MeV (blue). (a) Routhians as functions of 8,, minimized with respect to y and g, at each point. (b) Routhians as functions of
7, minimized with respect to 3, and B, at each point. Solid and dashed curves denote o, = —1/2 and «, = +1/2, respectively.

and the positive-parity orbitals are denoted a,b,--- and
A,B,---, respectively. The two-quasiparticle 4y, align-
ments are labeled ef for protons and EF for neutrons. In
Fig. 5, the n(hy1/2)* and v(hyy2)* crossings both occur near
hw =0.35 MeV. In an odd-N band based on the lowest
quasineutron, however, the EF neutron alignment is
blocked. Accordingly, the first calculated gain in Fig. 3 is
assigned primarily to the 7(/,;,,)> crossing.

Quasi-particle Routhian (MeV)

ho (MeV)

Fig. 5. (color online) Calculated quasiparticle Routhians as
functions of 7w for (a) quasiproton and (b) quasineutron orbit-
als in '*'Ba at 8, =0.265, y =0°, and 8, = 0.020. The parity
and signature (7, a) of the Routhians are represented as fol-
lows: (+,+1/2) solid lines, (+,—1/2) dotted lines, (—,+1/2)
dash-dotted lines, and (-, -1/2) dashed lines.

The remainder of the analysis focuses on the lowest £
and F quasineutron Routhians associated with the ob-

served vhy;,, bands. Figure 6 compares the isotopes at the
common representative deformation S, =0.265, y=0°,
and B, =0.020. The vertical marker at fiw = 0.250 MeV
lies below the proton crossing.

--‘127\ ]

Quasi-neutron Routhian (MeV)

\ Ba \\
0.4 T o112 === oy=+172 1
123
Ba B,=0.265, 1=0°, B,=0.020
00 1 1 T T T T T T
00 01 02 03 01 02 03 01 02 03
hid (MeV)

Fig. 6. (color online) Lowest /;,,, quasineutron Routhians £
and F as functions of fiw for "'""'"Ba at 8, = 0.265, y = 0°, and
B4 =0.020. Solid and dashed curves denote a; = —1/2 (£) and
a, = +1/2 (F), respectively. The vertical dotted lines mark
hw =0.250 MeV.

At zero rotational frequency, the two signature part-
ners are degenerate. As fiw increases, the £ and F traject-
ories separate most visibly in the lighter isotopes, particu-
larly in ''"Ba, whereas they remain close or cross in the
heavier isotopes. At the reference frequency %w = 0.250
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MeV, the magnitude of the calculated E—F splitting de-
creases overall from N =61 to N =71. This trend reflects
the migration of the neutron Fermi level from low-K to-
ward higher-K components of the %;,,, shell. Because all
six panels use the same axial deformation, Fig. 6 isolates
the neutron-number dependence of the underlying single-
particle structure. The additional sensitivity to the equi-
librium deformation is examined next.

Since signature splitting is sensitive to deformation
[3, 13, 18, 19], a change across the crossing may indicate
different equilibrium shapes for the one- and three-quasi-
particle configurations. Figure 7 separates the 8, and y
dependences at 7iw = 0.250 MeV. In Fig. 7(a), the split-
ting is small at large prolate deformation but increases
rapidly as 8, decreases. At small 3,, it also tends to de-
crease with increasing neutron number. This trend is con-
sistent with stronger Coriolis mixing when the relevant
hy1» components are closely spaced [3]. At the equilibri-
um B, values indicated in the insets, the calculated split-
ting is small throughout the isotope chain. Thus, within
this calculation, variations in S, near the equilibrium val-
ues are not the principal source of the observed isotope-
dependent staggering.

We therefore use 3, =0.250 as a common reference
value to isolate the y dependence in Fig. 7(b). At fixed hiw
and B,, Fig. 7(b) shows that the two signatures have dif-
ferent y-driving tendencies. With increasing neutron num-
ber, the minimum of the favored £ Routhian moves from
negative y toward the collective oblate limit at y = —60°,
whereas the unfavored F' Routhian evolves from positive-
y triaxiality toward an oblate minimum.

This evolution reflects the combined action of Coriol-
is and nonaxial quadrupole couplings. The former,
(j,Q==+1/2]j,|j,Q2==F1/2), mixes the signature partners

T S T e S S
o= 12 -0, +112, y=0°, B=0.020 |

N
U
N P

1.2-‘

v | B~0288

0.0

1235 B 27g 4 |

0.0 01 02 03 04 0.1 02 03 0.4 01 02 03 04

B,

Fig. 7.

through their Q =1/2 components and dominates near
prolate shapes when the Fermi level lies among low-K or-
bitals. As the shape becomes triaxial, the latter,
(J, Q= x1/2|Y5 + Y,,|j,Q = F3/2), mixes the Q =1/2 and
3/2 components and can alter the signature ordering [33].
Since both couplings enter coherently in the diagonaliza-
tion, they cannot be assigned unique additive contribu-
tions.

Whether the ordering reverses therefore depends on
the position of the neutron Fermi level. In ''"Ba, its low-K
position allows the Coriolis contribution to preserve the
same favored signature from the near-prolate to the col-
lective-oblate region. In '7'*'Ba, the higher-K character
makes the splitting small without a clear reversal. Only in
11912184 is the Fermi level intermediate, so the increasing
nonaxial mixing can overcome the near-prolate ordering
and interchange the £ and F' Routhians. This interpreta-
tion is consistent with the low-K to high-K migration dis-
cussed for Fig. 6. Because B, varies only weakly, the
sensitivity calculations use the common value 8, = 0.020.

Because the proton Fermi surface lies in the lower
part of the intruder shell, near the low-K components of
hij2, the lowest quasiproton Routhians are expected to
exhibit stronger signature splitting. Figure 8 shows its de-
pendence on fw, B, and y. In particular, the slopes in
panel (c) indicate that the quasiproton favors positive .
The calculated e—f separation reaches approximately 0.8
MeV, much larger than the E—F separation at the same
representative deformation. A strong signature depend-
ence of low-K quasiproton Routhians has also been found
in neighboring odd-odd nuclei [4, 18, 19, 41, 51, 52].
After proton-pair alignment, the positive-y tendency of
the proton orbitals competes with the negative-y tend-
ency of the odd neutron. This partial cancellation shifts
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color online) Lowest h;;,, quasineutron Routhians £ and F in ''""'*'Ba at fiw = 0.250 MeV as functions of (a) 3,, with y = 0°
12 4 Y

and g, =0.020, and (b) y, with B, =0.250 and B, = 0.020. Insets give the corresponding TRS equilibrium deformations. Solid and
dashed curves denote a; = —1/2 (£) and a, = +1/2 (F), respectively.
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Fig. 8. (color online) Lowest /;;,, quasiproton Routhians e
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Figs. 6 and 7. Solid and dashed blue curves denote a; = —1/2

(e) and a, = +1/2 (f), respectively.

the equilibrium shape closer to y=0° and provides a
qualitative mechanism for the reduced experimental split-
ting in Fig. 1.

Figure 9 tests this interpretation above the first cross-
ing. At the equilibrium S, values shown in Fig. 9(a), the
post-crossing splitting remains small in '"""'?'Ba and is
nearly zero in '27'?’Ba. Panel (b) shows the correspond-
ing y dependence. In ''"Ba, the splitting passes through
zero near vy~ +10°, as does the calculated splitting in
'2Ba. For '""'*'Ba, the finite separation at the equilibri-
um minima is consistent with an increase above the cross-
ing. The heavier isotopes again display competing min-
ima with different signature dependence.

The changes in ordering occur in each of the three
Lund sectors, -120°<y<-60°, -60°<7y<0°, and
0° <y < 60°, which correspond to rotation about the long,
medium, and short principal axes, respectively [16]. A

(a)1.6

o]

0.8} - . .

0.4f 4
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oF 127 - - 0= +172,=0°, 20020 |

B,~0218

1.6

o B ~0.276
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(color online) Same as Fig. 7, but at /iw = 0.45 MeV, above the first crossing in the lighter isotopes. Insets show the TRS equi-
librium deformations. Solid and dashed curves denote ; = —1/2 (E) and «, = +1/2 (F), respectively.

Fig. 9.

similar dependence was found for odd-odd nuclei near
A ~ 130 [53]. Quadrupole pairing can also modify signa-
ture splitting in odd-odd systems [6]; its role in the
present odd-A nuclei is not included and remains a source
of model uncertainty.

In neighboring even-even Ba nuclei, two positive-par-
ity bands have been observed in addition to the ground-
state band. These bands have nearly the same energy and
are attributed to the alignment of two h,,,, protons in one
case and two h;;,, neutrons in the other. This behavior
arises from shape changes induced by the aligned quasi-
particles. Specifically, the alignment of two high-K 5y,
neutrons tends to drive the nucleus toward an oblate
shape, while adding one neutron in a vk, orbital out-
side the even-even core can stabilize a triaxial deforma-
tion, as discussed in Refs. [14—16, 48].

The results for '*>'?’Ba are consistent with the behavi-
or calculated for the neighboring even-even nucleus
126Ba: in both cases, prolate and triaxial or oblate minima
coexist [15, 16]. In an odd-4 nucleus, blocking makes the
crossing pattern configuration- and signature-dependent.
Because the two heavier isotopes exhibit similar shape
competition, Fig. 10 uses '’Baas a representative ex-
ample.

Figure 10(a) compares the measured alignment with
calculations for the two competing shapes. The calcu-
lated backbending is dominated by proton alignment in
the prolate minimum and by neutron alignment in the tri-
axial-oblate minimum for both signatures. Figure 10(b)
identifies the crossings. Because the EF neutron align-
ment is blocked, the first crossing must involve either the
first unblocked neutron pair (FG or EH, depending on
signature) or the proton pair ef. The E band can there-
fore be crossed by Eef or EFG, and the F band by Fef
or FEH.

1.2 : :
B,=0275 (b)
0.8 Ll i
/I “‘
0.4} Y
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(color online) Results for '*Ba. (a) Experimental total alignments (solid black circles) and calculated total alignments I,

(open symbols), together with the proton (1,) and neutron (1,) contributions for both signatures. (b) Calculated quasiparticle Routhians:
proton ef (blue), neutron EF (red), and neutron GH (magenta). The upper panels use the prolate configuration
(B2,7.B4) = (0.251,-2.0°,0.020); the lower panels use the triaxial-oblate configuration (0.241,-38.2°,0.021).

In the figure, the lowest quasiproton ef bands of
mthyy, are shown in blue, the lowest quasineutron EF
bands are in red, and the first negative signature partner
bands GH are in magenta. Solid curves represent the
favored signature ay=—1/2, while dashed curves indic-
ate the unfavored signature «, = +1/2. For the prolate de-
formation, the proton ef crossing occurs near 7w ~ 0.35
MeV, whereas the neutron FG crossing lies above 0.55
MeV. The resulting three-quasiparticle configurations are
Eef for the favored signature and Fef for the unfavored
signature. For the triaxial-oblate deformation, the proton
crossing moves to about 0.50 MeV, while the neutron
FG/EH crossings occur near 0.37 MeV and produce
EFG and FEH, respectively. Thus the G and H
quasineutron orbitals control both the first alignment and
much of the post-crossing signature dependence in this
minimum. In the prolate minimum, the post-crossing
bands are dominated by Eef and Fef; once the proton
pair is aligned, their relative behavior reflects the £ and F
quasineutron Routhians. In the triaxial-oblate minimum,
the splitting instead follows the G and H Routhians.

Figure 11 therefore compares the EF and GH
quasineutron Routhians as functions of y at hw =0.45
MeV for '*Ba and '*’Ba. The insets show the experiment-
al staggering for the bands assigned to the competing
shapes. The G and H quasineutron Routhians become en-
ergetically competitive above the first alignment. The EF
splitting remains small, whereas the GH splitting is pro-
nounced in both nuclei. The GH minima move toward the
collective-oblate limit (y = —60°), while the EF minima

remain near prolate. The calculation therefore associates
neutron-pair alignment with a transition toward a collect-
ively rotating oblate shape, consistent with the alignment
trend in Fig. 3(b). At prolate deformation, by contrast, the
EF splitting is small or inverted. The relevant experi-
mental partners are bands (7) and (8) in '*Ba [38] and
bands (5) and (6) in '*’Ba [39], particularly near I/ =29/2
and 31/2. In the prolate bands of '**'?’Ba, the renewed in-
crease in splitting at high spin accompanies the second
upbending. For '*Ba, the calculated FG/EH neutron
crossing gives the five-quasiparticle configurations
EefFG (a=-1/2) and FefEH (a = +1/2) [3]. For '*'Ba,
the corresponding assignments are EFGef and FEHef
[39]. No comparable reduction or inversion is established
for the bands assigned to the triaxial-oblate minimum:
band (4) in '*Ba [38] and band (15) in '*’Ba [39]. The
large calculated G—H separation offers a possible, but not
unique, explanation for why a high-spin signature partner
has not been identified experimentally.

The calculations thus suggest two high-spin struc-
tures in nuclei with shape coexistence: a pair of prolate
signature partners and a triaxial-oblate band for which
only one signature may be observed. Similar spectra oc-
cur in neighboring odd-4 nuclei [48]. Figure 12 extends
the comparison to Ba, Ce, and Nd isotopes, separating
bands assigned to proton and neutron alignments. This
separation leads to a different systematics of the stagger-
ing from analyses that combine the bands without regard
to the aligned configuration [23, 48, 54].

As shown in Figure 12, for N = 6775, the available
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systematics favor triaxial or oblate ground-state shapes
[48], and neutron alignment can compete in the yrast se-

quence. The combined data support the same qualitative
pattern as the TRS results: the prolate configuration tends
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to appear as a pair of bands with reduced or inverted
splitting, whereas the triaxial-oblate configuration often
appears as a single high-spin band. These systematics
support the interpretation that proton and neutron align-
ments influence both shape coexistence and the observed
signature splitting. They do not, by themselves, uniquely
determine the shape; the assignment relies on the com-
bined alignment and Routhian analysis above.

IV. SUMMARY

We have analyzed signature splitting in the vhy
bands of the odd-N isotopes ''""'*’Ba. The experimental
staggering parameter S(I) generally increases toward
2[ =~ 22 and then decreases; in several isotopes the order-
ing of the signatures reverses at higher spin.

Pairing- and deformation-self-consistent Woods-Sax-
on-Strutinsky calculations were used to connect this be-
havior to quasiparticle alignment and shape evolution in
(B2,7.8s) space. The first calculated alignment in ''""'>Ba
is dominated by an A, proton pair. In '**'*’Ba, proton

and neutron alignmentscompete because the alignment
frequencies depend strongly on the prolate and triaxial-
oblate minima.

Sensitivity studies of the lowest quasineutron Routhi-
ans show that changes of 8, near the equilibrium values
produce only a small splitting, whereas the ordering and
separation of the signatures vary strongly with y. The re-
duction or inversion after proton alignment can therefore
be understood qualitatively as a competition between the
negative-y tendency of the strongly coupled odd neutron
and the positive-y tendency of the aligned proton pair.

For the heavier isotopes, the first unblocked neutron
crossing (FG/EH) is favored in the triaxial-oblate min-
imum and produces a large G—H separation. This offers a
possible explanation for the absence of an observed high-
spin partner, while the smaller or inverted splitting of the
prolate bands is consistent with n(h,;,)* alignment. The
assignments remain model dependent, but the combined
isotope, alignment, and deformation systematics provide
a coherent interpretation of the observed splitting.
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