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Abstract: High-spin states of '"’In are studied through the incomplete fusion reaction induced by "Li with ''°Cd. A
total of 19 new levels and 22 new transitions are observed. A pair of signature partner bands with the n(g7/2,ds/2)

configuration is identified. The single-particle states are described through shell-model calculations. The dipole band

with the configuration of 7gg /12®v(h11 /2)2 is proposed as a "stapler" band based on the calculations of tilted axis

cranking covariant density functional theory. The "stapler" mechanism in In isotopes is systematically investigated.

The present study reveals the diversity of excitation modes in ''"In.
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I. INTRODUCTION

The underlying self-organizing mechanisms of atom-
ic nuclei have long been a central topic at the forefront of
nuclear physics. Sholars have widely recognized two
primary modes of nucleonic motion in nuclei: single-
particle and collective motion [1-5]. Single-particle mo-
tion typically manifests as irregular energy levels, which
are commonly observed in near-spherical nuclei. Collect-
ive motion generally leads to the emergence of band
structures, reflecting the underlying deformation of the
nuclear shape.

It is also worth mentioning that a special excitation
mode exists in near-spherical nuclei, giving rise to a
strong magnetic dipole band. This band structure is be-
lieved to result from the closure of the proton and neut-
ron angular momenta within a particle-hole configuration,
referred to as the shears mechanism [6—14]. More inter-
estingly, the competition between the shears mechanism
and collective rotation of the core gives rise to a new ex-
citation mode. In this mode, the proton (neutron) angular
momentum remains nearly stationary, whereas the neut-
ron (proton) angular momentum gradually aligns with the
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proton (neutron) angular momentum, significantly chan-
ging the direction of the total angular momentum. This
process is analogous to the closing of a stapler, giving
rise to a corresponding magnetic dipole band known as
the "stapler" band [15]. Experimentally, the "stapler"
band manifests as strong M1 transitions and weak or van-
ishing E2 transitions, which is similar to that observed in
the shears mechanism. The "stapler" mechanism provides
a valuable opportunity to investigate the interplay
between single-particle and collective angular  mo-
mentum.

To date, "stapler" bands have been suggested in 3’Mn
[16], As [17], ™Se [18], '®Ag [19], In [15], and
144Tb [20]. These nuclei are scattered across the chart of
nuclides. Thus, a systematic study of the "stapler" mech-
anism has not been performed yet. Studying the evolu-
tion of the angular momentum components with the num-
ber of nucleons will deepen our understanding of the
"stapler" mechanism and provide insight into the inter-
play between the shears mechanism and collective mo-
tion. In isotopes, with proton numbers close to the 50
shell closure, exhibit rich single-particle and collective
structures [21-28]. Therefore, they are good candidates
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for systematically studying the evolution of the "stapler"
mechanism with neutron number. In this study, the high-
spin states in !'""In are comprehensively analyzed. The
systematic variation of the "stapler" mechanisms in In
isotopes is analyzed for the first time. The present study
reveals the diversity of excitation modes in ''"In.

II. EXPERIMENTAL DETAILS

Note that '"In lies on the neutron-rich side of the line
of stability, which renders its high-spin states practically
inaccessible via fusion-evaporation reactions using stable
beam-target combinations. Recently, incomplete fusion
reactions induced by ’Li emerged as a promising ap-
proach for populating high-spin states of neutron-rich
nuclei near the line of stability [29, 30]. As mentioned in
Ref. [31], the breakup of the weakly bound ’Li nucleus
can produce fragments such as a proton, deuteron, triton,
or helium-like nuclei (“He, He, °He). These fragments
can subsequently fuse with the target. To populate high-
spin states of '"In, incomplete fusion reactions were per-
formed for 7Li and ''°Cd at 42 MeV. "Li beam was
provided by the HI-13 Tandem Accelerator at the China
Institute of Atomic Energy in Beijing. A self-supporting
118Cd target with a thickness of 2.5 mg/cm” was used.
The experiment was conducted for 70 h with a detection
array consisting of nine HPGe detectors and two LEPS
detectors. The detectors were placed at different angles
with respect to the beam direction: three HPGe detectors
placed at 90°, two HPGe detectors placed at 140°, two
HPGe detectors placed at 42°, two HPGe detectors placed
at 150°, and two LEPS detectors placed at 123°. Approx-
imately 1.2x10® y-y coincidence events were recorded.
The coincidence events were sorted into one symmetric
matrix and two asymmetric matrices. The symmetric mat-
rix was used to construct the level scheme, and the asym-
metric matrices were used to extract the angular distribu-
tions from the oriented states (ADO) ratios [32] of the y-
rays. For the symmetric matrix, the x- and y-axes both
correspond to events from all detectors. For the two
asymmetric matrices, both the x-axes correspond to
events from all detectors, whereas the y-axes correspond
to events from the (i) two detectors at 42° and one detect-
or at 150° and (ii) three detectors at 90°, respectively. The
ADO ratios were determined by the ratio of the intensit-
ies  I,(150°+42°) and 1,(90°), ie, Rapo =
1,(150°+42°)/1,(90°). For the present geometry, the
standard ADO ratios are expected to be 1.4 and 0.8 for
stretched pure quadrupole and dipole transitions, respect-
ively. In this experiment, the main reaction products in-
cluded "Sb (~57%), "8Sb (~20%), "In (~10%), '"*Sn
(~4%), 2°Sb (~4%), "In (~3%), and ''8Sn (~3%). The
cross section of '"In calculated using PACE4 code [33,
34] only accounts for 0.46% of the total cross section, un-
der the condition that incomplete fusion reactions are not

considered. The large discrepancy between the theoretic-
al and experimental yield ratios indicates that incomplete
fusion processes play a significant role in populating
high-spin states in "'7In. Figure 1 shows the total projec-
tion spectrum of the symmetric y —y matrix. In this spec-
trum, the strong peaks from "”Sb, 18Sn, 18Sb, and '""In
can be identified clearly. The origin of an obvious peak
marked with a diamond is unknown. More experimental
details are given in Refs. [23, 24, 26, 30, 35, 36].

III. RESULTS AND DISCUSSION

Based on the y-y coincidence relationships and the rel-
ative intensities of the y-rays, a new level scheme of ''In
is constructed in this work , as shown in Fig. 2. The level
scheme is divided into three parts and labeled as A—C for
convenience of discussion. The gated spectra supporting
the establishment of the present level scheme are shown
in Fig. 3. The spin-parities of the known levels are adop-
ted from the evaluated nuclear structure data file (EN-
SDF) [37]. For the newly observed levels, spin-parity as-
signments are deduced from the present measured ADO
ratios. The measured y-ray energies, relative intensities,
ADO ratios, multipolarities, level energies, and spin-par-
ity assignments of the initial and final states for the trans-
itions in ''7In are summarized in Table 1.

A. Structure A

Structure A consists of bands 1 and 2, as well as four
new levels on the right side of band 1, as shown in Fig. 2.
The spin-parity of the 1364.9 keV level in band 2 was
previously assigned as 7/2% or 9/2" [39]. In the present
work, the ADO ratios of the 484.7 and 1364.9 keV trans-
itions are determined as 1.32(29) and 1.27(24), respect-
ively. These ADO ratios indicate that both transitions are
either quadrupole or Al = 0 dipole transitions. In addition,
the ADO ratios of the 617.0 and 299.2 keV transitions are
measured to be 0.92(25) and 0.98(22), respectively, indic-
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Fig. 1.  Total projection spectrum of the symmetric y—y

matrix. Triangles, circles, squares, and pentagons denote
transitions from '1°Sb, '8Sn, 118Sb, and '7In, respectively.
The diamond represents a transition of unknown origin. The
transitions of '8Sn are primarily from the f-decay of '18Sb.
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Fig. 2. (color online) Level scheme of '7In deduced from the present work. The transition energies are given in keV, and the widths
of the arrows are proportional to the relative transition intensities. The new transitions and levels identified in this work are marked in
red. The rearranged transitions and levels are marked in blue. The 131.5 keV transition (in parentheses) is taken from Ref. [38]. The
half-lives of the 1/27, 3/2%, and 1/2" levels are taken from the ENSDF [37].
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Fig. 3. (color online) y-ray coincidence spectra gated on the (a) 1234.3 keV, (b) 747.9 keV, and (c) 484.7 keV transitions in '7In.
New transitions are marked in red. Transitions belonging to !'7In but not shown in the level scheme are in blue. Circles indicate trans-
itions from !'8Sn contaminants, and stars correspond to transitions from '%Sn. The diamond represents a transition of unknown origin.
Squares represent contaminants from ''8Sb, and triangles denote those from 1°Sb.
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Table 1.

y-ray energies, level energies of the initial and final states, relative intensities, ADO ratios, multipolarities, and spin-parity

assignments of the initial and final states for the transitions in '7In. The gamma-ray energy uncertainties are 0.3 keV for intense trans-

itions (7, > 10) and 0.5 keV for weak transitions (7, < 10).

ADO ratio

E,/keV E;/keV E/keV Iy Multipolarity Ir I
61.0 2731.4 2670.4 6.8(2.0) (2312 = (21/2)
89.3 748.8 659.5 1.3(0.3) 12" = 372"
105.5 2836.9 2731.4 15.4(2.1) 1.13(0.22) MI1/E2 (25/2%) = (23/2)
138.1 2261.9 2123.7 47.7(3.4) 0.93(0.08) MI/E2 (17/27), - (15/2)
168.3 2430.3 2261.9 34.0(2.5) 0.73(0.06) M1/E2 (19/27); = (17/2),
168.4 1234.3 1065.9 4.00.9) (1372, = (112",
174.2 3032.2 2858.0 8.5(0.7) 0.84(0.11) M1/E2 (25/27) = (23/2),
192.6 2858.0 2665.4 12.8(1.0) 0.83(0.09) MI/E2 (23/2), - 21/2)
220.8 880.3 659.5 2.6(0.3) 0.83(0.24) MI1/E2 52 = 3/2°
2245 2670.4 2446.0 1.7(0.4) (212 = (17/2%),
235.1 2665.4 2430.3 14.9(1.1) 0.95(0.09) M1/E2 (21/27) = (19/2),
240.0 2670.4 2430.3 11.3(0.9) 0.84(0.09) El (2172 = (19/2°),
253.7 1977.2 1723.5 2.3(0.5) 0.89(0.29) M1/E2 (11/12%); = (912",
266.0 2527.9 2261.9 9.2(0.8) 0.96(0.12) MI/E2 (19/27), = (17/2),
299.2 1364.9 1065.9 2.1(0.6) 0.98(0.22) M1/E2 92," = (11/2%),
304.8 2428.5 2123.7 3.0(0.3) 1.06(0.20) MI/E2 (17/27), = (15/2)
3442 659.5 3153 4.5(0.4) 0.78(0.22) El 328 - 127
355.4 3192.3 2836.9 8.1(1.4) 1.11(0.22) MI/E2 (2712 = (25/2)
406.7 2670.4 2263.8 8.1(1.0) 1.50(0.17) E2 (21/2%) = (172",
451.7 2715.5 2263.8 4.2(0.6) 0.94(0.18) MI/E2 (1972, = (172",
460.7 1209.1 748.1 52.0(3.9) 1.32(0.10) E2 (112", = 72,
475.5 2634.3 2158.6 1.9(0.3) 0.92(0.27) MI/E2 (15724 = (13/2");
484.7 1364.9 880.3 6.4(1.7) 1.32(0.29) E2 9/2," = 5/2*
498.4 2760.3 2261.9 6.1(0.6) 1.05(0.17) MI/E2 (19/27), = (17/2),
503.6 2627.3 2123.7 2.8(0.3) 1.40(0.29) E2 (19/27); — (15/2°)
5283 4188.1 3659.8 1.2(0.3) (29/27) = (27/2)
5353 3727.6 3192.3 4.0(1.0) 0.95(0.19) MI1/E2 (29/2%) = (27/2)
564.6 3092.5 2527.9 3.9(0.5) 1.26(0.27) E2 (23/27), = (19/2),
589.1 2852.9 2263.8 1.6(0.3) - (17/2%
617.0 1364.9 748.1 2.6(0.4) 0.92(0.25) MI/E2 9/2," = 712,
627.5 3659.8 30322 3.3(0.5) 1.02(0.17) MI1/E2 (27/27) = (25/2)
643.3 3308.7 2665.4 2.8(0.4) 1.02(0.24) MI/E2 (23/2); - (21/2)
667.0 4395.0 3727.6 1.6(0.6) (color online) (31/2%) — (29/2)
688.6 1897.7 1209.1 34.8(2.6) 1.35(0.13) E2 (15/2%); = (11/2%),
693.9 2058.6 1364.9 4.6(1.3) 1.42(0.32) E2 (132", — 9/2,"
705.6 2969.4 2263.8 2.5(0.3) 0.77(0.20) MI/E2 (19723 — (172",
747.9 748.1 0.0 56.6(4.1) 0.95(0.08) M1/E2 72, = 972,
830.0 2727.7 1897.7 9.5(0.9) 1.26(0.26) E2 (19/2%), = (15/2%),
849.2 2058.6 1209.1 1.4(0.4) (13/2), = (11/2%),
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Table 1-continued from previous page

ADO ratio

Ey/keV E;/keV E/keV Ly Multipolarity -
880.4 880.3 0.0 6.5(0.5) 1.23(0.25) E2 52 =912,
889.3 2123.7 1234.3 57.6(4.1) 0.84(0.07) El (15/27) — (13/29),
924.2 2158.6 1234.3 10.0(0.8) 1.23(0.14) MI1/E2(AI = 0) (13/2%); — (13/27),
975.4 1723.5 748.1 6.2(0.7) 0.78(0.13) MI/E2 (925 — 712,
1029.6 2263.8 1234.3 15.9(1.2) 1.37(0.14) E2 (17/2), = (13/2"),
1066.0 1065.9 0.0 6.1(0.7) 1.15(0.15) MI/E2 (1112, — 9/2,"
1155.9 4188.1 3032.2 1.0(0.3) (29/27) = (25/2))
1167.3 2376.4 1209.1 5.3(0.6) 0.72(0.12) MI/E2 (13/2"), — (11/2"),
11882 24225 1234.3 5.5(0.5) 0.96(0.13) MI1/E2 (15/2"); — (13/2"),
1189.2 2398.3 1209.1 3.0(0.5) 1.42(0.36) E2 (15/2"), — (11/2"),
1211.7 2446.0 1234.3 6.9(0.6) 1.39(0.29) E2 (17/2), = (13/2"),
1229.2 1977.2 748.1 1.1(0.3) (111275 — 7/2,"
12343 1234.3 0.0 100.0(5.0) 1.38(0.11) E2 (13/2), = 972"
1364.9 1364.9 0.0 8.4(2.2) 1.27(0.24) M1/E2(AI = 0) 9/2," = 9/2,"
1400.1 2634.3 1234.3 1.0(0.3) (15/2"), = (13/2"),
1424.3 2658.6 1234.3 1.2(0.3) —(13/2",

ating that the two transitions are both stretched dipole
transitions. Based on the above analysis, the assignment
of 7/2" to the 1364.9 keV level can be excluded. There-
fore, the spin-parity of the 1364.9 keV level is assigned
as 9/2°. The ADO ratio of the 693.9 keV transition is
1.42(32), indicating that it is either a quadrupole or
AI =0 dipole transition. Based on the assumption that
spin increases with excitation energy [28, 40, 41], the
spin-parity of the 2058.6 keV level is assigned as (13/2").
Band 1 has been interpreted as a negative signature part-
ner branch of the n(g/,,ds;») configuration [42]. Band 2
decays to band 1 through four M1/E2 transitions and has
a different signature from band 1. Therefore, we suggest
that band 2 is the signature partner band of band 1. Simil-
ar signature partners were observed in '''In [27].

The ADO ratios of the 975.4 and 253.7 keV trans-
itions are measured to be 0.78(13) and 0.89(29), respect-
ively, indicating that both transitions are stretched dipole
transitions. Thus, the spin-parities of the 1723.5 and
1977.2 keV levels are determined as (9/2") and (11/2%),
respectively. The ADO ratio of the 1167.3 keV transition
is 0.72(12), indicating that it is a stretched dipole trans-
ition. The 1189.2 keV transition has an ADO value of
1.42(36), which suggests that it could be a quadrupole or
AI =0 dipole transition. Based on the assumption that
spin increases with excitation energy, it is assigned as a
quadrupole transition. Therefore, the spin-parities of the
2376.4 and 2398.3 keV levels are assigned as (13/2") and
(15/2%), respectively. Because these four levels do not
form a clear band structure, only tentative interpretations
based on the current level scheme are proposed in the

present work. Figure 4 displays a comparison between the
low-lying excited states in '"®Cd [43, 44] and the levels in
structure A of ''7In. The energy of the 7/2} level in "'In
is set as 0 for the convenience of comparison. As shown
in Fig. 4, the (9/2), (11/2")5 and (13/2%),, (15/27), states
in "In exhibit similar energies and decay behaviors to
the 2," and 4," states in ''°Cd, respectively. Therefore, the
(9/2%)5, (11/2%)5 and (13/2%),, (15/2%), states in '""In are
tentatively interpreted as two sets of multiplets originat-
ing from the n(g;/,ds;)® (1°Cd, 2,") and n(gs2,ds;)®
("'°Cd, 4,") configurations, respectively. The 2," and 4,"
states in ''°Cd have been explained as originating from
collective vibration [44]. Thus, the (9/2%),, (11/27); and
(13/2%),, and (15/2%), levels in '""In may also originate
from vibrational excitations.

B. Structure B

Structure B includes a strong E2 transition to the
ground state, an M1/E2 sequence based on the (15/27)
2123.7 keV state, and several new transitions. The posi-
tions of the 192.6 and 235.1 keV transitions have been
exchanged based on intensity considerations and the dis-
covery of the 643.3 keV transition. Additionally, in Ref.
[42], the 627.5 keV transition was placed above the 528.3
keV transition. Based on intensity considerations, their
positions have also been exchanged in the current level
scheme. The ADO ratio of the 924.2 keV transition is
1.23(14), and, considering a structural analogy with '5In
[15], it is assigned as a Al =0 dipole transition. There-
fore, the spin-parity of the newly observed 2158.6 keV
level is assigned as (13/2"). For the other new levels in
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1]6Cd

Fig. 4.
71n is set as 0 for the convenience of comparison.

structure B, the spin-parity assignments are inferred from
the ADO ratios of the associated transitions, under the as-
sumption that spin increases with excitation energy.

The absence of a regular band-like structure indicates
that the states in structure B may originate from single-
particle excitations. Thus, shell-model calculation
provides a suitable approach to describe these states. In
this work, the shell-model calculations were performed
for "In using the NUSHELLX code within the SNE
model space [45]. The adopted two-body matrix ele-
ments are named SNET in the code [45]. The SNE mod-
el space includes eight proton orbitals (71fs;, 72pss,
7T2pl/2, 7T1g9/2, 7T1g7/2, 7T2d5/2, 7T2d3/2, and 7T3Sl/2) and nine
neutron orbitals (Vlf5/2, V2p3/2, V2p1/2, Vlgg/z, V1g7/2,
V2d5/2, V2d3/2, V3S1/2, and Vlhll/z). To make the calcula-
tion feasible, the following truncation was used. The
7T1f5/2, 7T2p3/2, and 7T2pl/2 orbitals and V1f5/2, V2p3/2,
v2p1,, and vlge,, orbitals were kept fully occupied. The
nlgq), orbital was occupied by nine protons. At least six
neutrons were constrained on the vlg;,, orbital and four
neutrons were constrained on the v2ds;, orbital. No re-
strictions were applied to the v2d;,, and v3s;,, orbitals. A
maximum of two neutrons were permitted in the v1h,,
orbital.

A comparison of the calculated results with the exper-
imental level energies is shown in Fig. 5. As shown in
Fig. 5, the calculated excitation energies are in rough
agreement with the experimental values. Table 2 displays
the experimental and calculated level energies, as well as
dominant configurations of the states in structure B. For
the positive-parity states, the 9/2," ground state is attrib-
uted to the valance proton occupying the 1go, orbital.
The major configuration of the (11/27),, (13/2%),, and
(13/2+)3 states is T892 ® V(d3/2S1/2)2 . The
ngo/» ®vg1a(dsns12)! configuration formed by excitation
of a neutron in the lg;, orbital across the N = 64 sub-
shell appears at the (13/2%); state. This configuration

(19/2%),

(15/2%),

(13/2%) \ 830
(1123 (152,
(912,234 1 1671 189__

\ \ 689
9715229 | (1129,

(
461

_F

7/2%

U7

T(g5,d52) Hicd

Comparison of the low-lying states in ''°Cd [43, 44] and the levels in Structure A of ''7In. The energy of the 7/2," level of

dominates the (17/2%),, (15/2%);, and (17/2"), states. The
(15/2")4 and (19/2%), states are dominated by the
ngo;»®v(hy12)* configuration. For the negative-parity
states, the lowest (15/27) state has a three-quasiparticle
configuration of gy, ®v(d3/251,2)h112. This configura-
tion dominates the states from (15/27) to (23/27),. The
neutron excitation across the N = 64 subshell for the neg-
ative-parity states is predicted to emerge at the (25/27)
state. The three-quasiparticle 7gq;, ® vg7/2hi1/2 configura-
tion induced by the neutron cross-subshell excitation is
exhausted at 27/2h. The leading configuration of the
(29/27) state is a five-quasiparticle configuration of
ﬂg9/2®vg7/2d§/2h11 12, which involves both the neutron
cross-subshell excitation and the breaking of a neutron
pair in the 2d;,, orbital.

Note that, although the calculated results are in rough
agreement with the experimental values, the overall devi-
ations still exist. As shown in Fig. 5, the energies of the

5r T+ n—
4 -
> .
(1929
i @129,
= 3| 1929\ _
) (1529\ N
o) (17’2*)L -5
I (LT o — N —
= 1727 (17127)5
B L / Ry~
5 2 (1329 R
R3]
>
M 1329, o ———
1E ey T
ok 9/2j
EXP. SM EXP. SM
Fig. 5. Comparison of the single-particle states in structure

B of "In with the results of shell-model calculations using
the NUSHELLX code. The SNET interaction was used.

054001-6



Collective states, single-particle states, and "stapler" mechanism in '"’In Chin. Phys. C 50, 054001 (2026)

Table 2. Experimental and calculated level energies, as well as the dominant components of the wave functions within the SNE mod-
el space of the states in the structure B. 7®v represents n(1fs;2,2p3/2,2p1/2,189/2) ®v(187/2,2ds/2,2d32,3512, 1h112). The level sequence in
the table is listed according to the experimental energy ordering.

J* (h) Eexp/MeV E.q/MeV Leading Configurations 7®v Partitions (%)
92, 0.0 0.0 7(6,4,2,9)®v(8,6,0,2,2) 247
7(6,4,2,9)®v(8,6,2,2,0) 152
7(6,4,2,9)®v(8,6,2,0,2) 14.5
(1172, 1.066 1.281 n(6,4,2,9)®v(8,6,1,1,2) 41.0
(13/27), 1.234 1.066 n(6,4,2,9)®v(8,6,2,0,2) 13.9
7(6,4,2,9)®v(8,6,1,1,2) 13.8
7(6,4,2,9)®v(8,6,3,1,0) 13.5
(13/2; 2.159 1.628 7(6,4,2,9)®v(8,6,1,1,2) 25.0
7(6,4,2,9)®%(7,6,2,1,2) 14.4
(1772, 2.264 1.756 n(6,4,2,9)®v(7,6,1,2,2) 16.5
7(6,4,2,9)®(7,6,2,1,2) 14.8
(15/2%); 2.423 2.008 n(6,4,2,9)®v(7,6,2,1,2) 20.5
7(6,4,2,9)®v(8,6,1,1,2) 149
(17/2, 2.446 1.939 7(6,4,2,9)®v(7,6,3,0,2) 16.0
7(6,4,2,9)®(7,6,4,1,0) 14.4
(15/2%)4 2.634 2.094 7(6,4,2,9)®v(8,6,0,2,2) 20.7
7(6,4,2,9)©%(7,6,2,1,2) 17.1
(19/2%), 2716 2.185 n(6,4,2,9)®v(8,6,0,2,2) 34.1
7(6,4,2,9)®v(8,6,2,0,2) 142
(15/2°) 2.124 2.677 7(6,4,2,9)®v(8,6,3,0,1) 27.0
7(6,4,2,9)®v(8,6,2,1,1) 243
7(6,4,2,9)®v(8,6,1,2,1) 243
727y, 2.262 2.674 n(6,4,2,9)®v(8,6,1,2,1) 29.8
7(6,4,2,9)®v(8,6,3,0,1) 214
7(6,4,2,9)®v(8,6,2,1,1) 20.0
(1727, 2.429 2.738 7(6,4,2,9)®v(8,6,1,2,1) 57.9
(19/27), 2.430 2718 n(6,4,2,9)®v(8,6,1,2,1) 50.2
(19227, 2.528 2.801 7(6,4,2,9)®v(8,6,1,2,1) 51.8
(192273 2.627 3.041 7(6,4,2,9)®v(8,6,2,1,1) 923
(21/2) 2.665 2.832 7(6,4,2,9)©v(38,6,1,2,1) 55.7
(19727, 2.760 3.314 7(6,4,2,9)®v(8,6,2,1,1) 36.1
7(6,4,2,9)®v(8,6,1,2,1) 159
(23/27), 2.858 3.088 n(6,4,2,9)®v(8,6,1,2,1) 55.8
(25/27) 3.032 3.766 n(6,4,2,9)®v(7,6,3,1,1) 389
7(6,4,2,9)®%(7,6,2,2,1) 29.5
(23/2), 3.093 3.447 n(6,4,2,9)®v(8,6,2,1,1) 45.7
7(6,4,2,9)®v(7,6,3,1,1) 252

Continued on next page
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Table 2-continued from previous page

J* () Eexp/MeV E./MeV Leading Configurations 7®v Partitions (%)
(23/2); 3.309 3.623 (6,4,2,9)©v(7,6,3,1,1) 29.3
7(6,4,2,9)®v(7,6,2,2,1) 23.1
7(6,4,2,9)®v(7,6,4,0,1) 22.2
(27/27) 3.660 4.078 7(6,4,2,9)©v(7,6,2,2,1) 53.0
7(6,4,2,9)®v(7,6,3,1,1) 29.0
(29/27) 4.188 4.553 7(6,4,2,9©%(7,6,2,2,1) 47.2
7(6,4,2,9)®v(7,6,3,1,1) 394

positive-parity levels above the (13/2%), state are overall
underestimated by approximately 0.5 MeV. By contrast,
the energies of the negative-parity levels are overall over-
estimated by about 0.4 MeV. The observed discrepancies
may not be attributed to the truncation of the active mod-
el space. The truncation employed in our calculations
provides a sufficiently large active model space to de-
scribe the energy levels in structure B, for the following
reasons. According to the dominant wave function com-
ponents presented in Table 2, for all the states, at most
one neutron in the 1lg;, and 2ds, orbitals is excited
across the N = 64 subshell. We also performed calcula-
tions that allow up to three neutrons to occupy the 14,
orbital while limiting the 1g;, and 2ds, orbitals to a
maximum of two neutrons for cross-subshell excitations.
However, the agreement between the calculated results
and experimental values did not improve; in fact, it be-
came worse. Therefore, we attribute the discrepancies
between the calculated and experimental values to the
single-particle energies or the two-body matrix elements
in the SNET interaction not being suitable for ''In. We
strongly encourage the development of effective interac-
tions better suited for this mass region, as such efforts
would enhance our understanding of the underlying
mechanisms of the single-particle states. Note that in this
work, only structure B was calculated using the shell-
model because structures A (discussed above) and C (dis-
cussed below) likely involve collective excitations, which
are not considered in the current shell-model framework.

C. Structure C

Structure C is a dipole band composed of strong
M1/E2 transitions. It has been extended up to the (31/2%)
level by adding a new transition of 667.0 keV. The di-
pole band has been assigned as the ng;), ® vh7, , configur-
ation [42]. Similar band structure has been observed in
neighbouring '“In [15]. To investigate the nature of
structure C in "7In, we performed the calculations of the
tilted axis cranking model based on covariant density
functional theory (TAC-CDFT) with the PC-PK1 para-
meter [46]. In the calculations, a basis of eight major har-
monic oscillator shells was adopted, and pairing correla-

tions were neglected. The calculated spins, as a function
of rotational frequency, were compared with the corres-
ponding experimental values of ''"In, and the results are
presented in Fig. 6. Figure 6 also displays the experiment-
al values of the band with the 7g5), ®vhi,, configuration
of "5In for comparison. As shown in Fig. 6, the experi-
mental spin-frequency curve of structure C in '""In is
very similar to that of ''In, and the calculations repro-
duce the experimental values reasonably. These agree-
ments further support the current configuration assign-
ment for structure C of '"In.

Figure 7 shows the angular momentum vectors at ro-
tational frequencies of 0.08 and 0.49 MeV obtained from
TAC-CDFT calculations for structure C in ''"In. These
vectors include the proton angular momentum J,, neut-
ron angular momentum J,, and total angular momentum
Jor = J + J,. J, and J, represent the sums of the angu-
lar momentum expectation values of all the protons and
neutrons, respectively. As shown in Fig. 7, at the band-
head (fiw ~ 0.08 MeV), the proton and neutron angular
momenta primarily align with the long and short axes, re-
spectively. As the rotational frequency increases, the pro-
ton angular momentum J, remains nearly stationary,

T T
115
20 _—D—mInExp

-O-""InExp
[ —"""In Cal

16 | -
ol %ﬂj -

st 4

SpinI [4]

00 01 02 03 04 05 0.6 0.7
ho [MeV]

Fig. 6. (color online) Calculated spins as a function of rota-
tional frequency obtained from the TAC-CDFT calculations in
comparison with the experimental data for the structure C of
'"7In, together with the data of the band with the ng;), ®vhi, ,
configuration in !In. The experimental values are extracted
from the relation rw = [E(I+1)-E(I-1)]/2.
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Fig. 7. Compositions of the proton, neutron, and total angu-

lar momentum vectors J., J,, and J,,; = J; + J, at both rota-

tional frequencies of 0.08 and 0.49 MeV for the gy}, ®vhi,

configuration in the TAC-CDFT calculations.

whereas the neutron angular momentum J, gradually
moves toward the direction of J,. Consequently, the ori-
entation of the total angular momentum exhibits a notice-
able change. The evolution of the angular momenta from
low to high frequencies is similar to that observed in
5T, resembling the closing process of a stapler. There-
fore, structure C in ''7In is suggested as a "stapler" band.
To further study the evolution of the "stapler" mech-
anism as the neutron number increases, the deformation
parameters and angular momentum increment compon-
ents of the "stapler" bands in '"In, "'7In, and *’In were
extracted from TAC-CDFT calculations and are shown in
Fig. 8. As shown in Fig. 8 (al)-(cl), the calculated de-

80 v (deg)
40

(a1) (b1)

formation parameters (B,, y) for the "stapler" bands of
15Tn, "In, and "In are approximately (0.15, 52°), (0.11,
38°), and (0.09, 50°), respectively. We can observe that
the deformations of the bands become smaller as the
neutron number increases. The percentages of the contri-
butions to the total angular momentum increment from
the shears mechanism and core rotation at the same fre-
quency range are displayed in Fig. 8 (a2)-(c2). Here, the
angular momentum increment from the proton hole 7g;},
and two unpaired neutrons vhj, , is defined as the contri-
bution of the shears mechanism and denoted as AJgye, -
The angular momentum increment from the collective ro-
tation of the core is defined by excluding the contribu-
tions of the shears mechanism from the total angular mo-
mentum increment and is denoted as AJ .. As shown in
Fig. 8 (a2)-(c2), as the neutron number increases, the con-
tribution from the shear mechanism increases, whereas
that from core rotation decreases. The reduction in the
proportion of AJ.,. can be attributed to the decrease in
deformation with an increase in the neutron number. To
gain a deeper understanding of the "stapler" mechanism,
further investigations in '"In and more neutron-rich In
isotopes where the collective contribution may become
smaller or even vanish are highly expected.

IV. CONCLUSION

In summary, high-spin states of !'"In are populated
through the incomplete fusion reaction of "Li with ''°Cd.
The level scheme of '""In is extended by adding 19 new

60 60
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e
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Fig. 8.

117In68

(color online) Evolution of the deformation parameters 8, and y driven by increasing rotational frequency in the TAC-CDFT

119In70

calculations for the "stapler" bands of (al) "*In, (b1) '7In, and (c1) ""°In. The arrow indicates the increasing direction of the rotational
frequency from 0.08 to 0.36 MeV. The percentages of the contributions to the total angular momentum increment for the rotational fre-
quency of 0.08 to 0.36 MeV from the shears mechanism AJge,r and core rotation AJeoe in the "stapler" bands of (a2) In, (b2) "In,

and (c2) "In.
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levels and 22 new transitions. Bands 1 and 2 are sugges-
ted as a pair of signature partner bands based on the
n(g72,ds;y)  configuration. The (9/27);, (11/2); and
(13/2%)4, (15/27), states in structure A are tentatively in-
terpreted as two sets of multiplets originating from the
7T(g7/2,d5/2)®(116Cd, 22+) and 7T(g7/2,d5/2)®(116Cd, 42+) con-
figurations, respectively. The levels in structure A are in-
dicative of the collective modes in '""In. The states in
structure B are described by shell-model calculations and
represent the results of single-particle motion in '"7In.
The dipole band with the g}, ® v(h1/2)* configuration is
proposed as a "stapler" band based on the TAC-CDFT
calculations. The systematic analysis of the angular mo-
mentum increment components shows that the contribu-
tion from core rotation becomes smaller with the increas-

ing neutron number for N > 66 In isotopes. The presence
of collective excitations, single-particle excitations, and
the "stapler" mechanism reveals the diversity of excita-
tion modes in '7In. The "stapler" mode in ''"In can be
further analyzed through g-factor measurements and by
determining transition probabilities through lifetime
measurements.
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