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Background: The Z = 50 shell closure, near N = 82, is unique in the sense that it is the only shell closure 
with the spin-orbit partner orbitals, πg9/2 and πg7/2, enclosing the magic gap. The interaction of the proton 
hole/particle in the above-mentioned orbitals with neutrons in the νh11/2 orbital is an important prerequisite to 
the understanding of the nuclear structure near N = 82 and the νπ interaction.
Purpose: To explore the structural similarity between the high-spin isomeric states in In (Z = 49), Sn (Z = 50), 
and Sb (Z = 51) isotopes from a microscopic point of view. In addition, to understand the role of a proton hole 
or particle in the spin-orbit partner orbitals, πg9/2 and πg7/2, respectively, with neutron holes in the νh11/2 orbital 
on these aforementioned isomers.
Methods: The fusion and transfer induced fission reaction 9Be(238U, f ) with 6.2 MeV/u beam energy, using 
a unique setup consisting of AGATA, VAMOS + +, and EXOGAM detectors, was used to populate through 
the fission process and study the neutron-rich 119,121In isotopes. This setup enabled the prompt-delayed γ -ray 
spectroscopy of isotopes in the time range of 100 ns–200 μs.
Results: In the odd-A 119,121In isotopes, indications of a short half-life 19/2− isomeric state, in addition to the 
previously known 25/2+ isomeric state, were observed from the present data. Further, new prompt transitions 
above the 25/2+ isomer in 121In were identified along with reevaluation of its half-life.
Conclusions: The experimental data were compared with the theoretical results obtained in the framework 
of large-scale shell-model calculations in a restricted model space. The 〈πg9/2νh11/2; I|Ĥ |πg9/2νh11/2; I〉 two-
body matrix elements of residual interaction were modified to explain the excitation energies and the B(E2) 
transition probabilities in the neutron-rich In isotopes. The (i) decreasing trend of E (29/2+ )–E (25/2+) in  
odd-In (with dominant configuration πg9

−
/
1
2νh−

11
2
/2 and maximum aligned spin of 29/2+) and (ii) increasing trend 

of E (27/2+ ) − E (23/2+ ) in odd-Sb (with dominant configuration πg7
+
/
1
2νh−

11
2
/2 and maximum aligned spin of 

27/2+) with increasing neutron number could be understood as a consequence of hole-hole and particle-hole 
interactions, respectively.

I. INTRODUCTION

The protons and neutrons in an atomic nucleus are held
together by the dominant strong nuclear force. However, due
to the limited theoretical knowledge on the strong force (gov-
erned by QCD), the structure of the nucleus is being described
using a variety of models. Out of these, the most successful
models are the nuclear shell model by Mayer and Jensen, and

*lemasson@ganil.fr
†Present address: Institut Laue-Langevin, F-38042 Grenoble

Cedex, France.

the collective model by Bohr and Mottelson. The empirical
one-body nuclear spin-orbit force, introduced by Mayer and
Jensen, was able to successfully explain all the experimentally
observed magic numbers [1,2]. The spin-orbit term led to
the splitting of the spin-orbit partner orbitals ( j> = l + s and
j< = l − s) with one of the partners ( j>) generally moved into
the lower oscillator shell, and called the intruder orbital. Such
examples of intruder orbitals are the f7/2 (leading to the magic
number 28), g9/2 (leading to magic number 50), h11/2 (leading
to the magic number 82), and i13/2 (leading to the magic
number 126). The magic number 50 is unique as the nuclei
around this shell closure have holes and particles occupying
adjacent spin-orbit partners, j< = g7/2 and j> = g9/2.

https://orcid.org/0000-0002-9434-8520
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.102.014326&domain=pdf&date_stamp=2020-07-29


TABLE I. Isomeric states half-lives and tentative assignments
reported in the literature for odd-A In isotopes 119,129In.

Nucleus Jπ T1/2 Reference

119In (25/2+) 240 (25) ns [12]
121In (25/2+) 350 (50) ns [12]

(21/2−) 17 (2) μs [13]
123In (17/2−) 1.4 (2) μs [13,14]

(21/2−) >100 μs [13]
125In (25/2+) 5.0 (15) ms [14]

(21/2−) 9.4 (6) μs [13,14]
127In (29/2+) 9.0 (2) μs [14]

(21/2−) 1.04 (10) s [15]
129In (29/2+) 110.0 (15) ms [14,16]

(17/2−) 8.5 (5) μs [14]
(17/2−) 8.7 (7) μs [16]
(17/2−) 11.3 +22

−16μs [17]
(23/2−) 700 ms [14]
(23/2−) 670 (10) ms [16]

In neutron-rich In (Z = 49) and Sb (Z = 51) isotopes, the
valence proton hole and particle occupy the adjacent spin-
orbit partners g9/2 and g7/2, respectively, while the valence
neutron holes dominantly occupy the h11/2 orbital. Even-
A 118−130Sn isotopes possess 7− and 10+ isomers with dom-
inant neutron νh−1

11/2d−1
3/2 and νh−2

11/2 configurations, respec-

tively [3–6]. Odd-A 121−131Sb isotopes have 19/2− and 23/2+
isomers with dominant πg7/2νh−1

11/2d−1
3/2 and πg7/2νh−2

11/2 con-
figurations [7–11], with an additional proton particle in g7/2

coupled to the 7− and 10+ isomers in even-A Sn isotopes, re-
spectively. It should be noted that the 23/2+ isomers in Sb iso-
topes do not correspond to maximally aligned configurations
(Iπ

Max = 27/2+) but rather to Iπ
Max − 2 = 23/2+, illustrating

the influence of spin and seniority mixing in these isotopes.
From this analogy, the odd-A 119–129In isotopes would be
expected to have 21/2− and 25/2+ isomers with dominant
πg−1

9/2νh−1
11/2d−1

3/2 and πg−1
9/2νh−2

11/2 configurations, having an
additional proton hole in g9/2 coupled to the 7− and 10+
isomers in even-A Sn, respectively.

In the odd-A 119–129In isotopes, several isomeric states
associated to the above-mentioned configurations have been
reported in Refs. [12–17] and are summarized in Table I.
In 119In, a (25/2+) isomeric state was observed with a half-
life of 240(25) ns but there was no indication of negative-
parity isomer [12]. In 121In, an isomeric state, decaying by
the 99 keV transition and decaying through a γ cascade
involving 99-214-953-1181 keV was reported in Refs. [12,13]
with two different half-lives [350 (50) ns and 17 (2) μs,
respectively] and tentative assignments (25/2+ and 21/2−,
respectively). In heavier 123–129In isotopes, several positive
parity (23/2+, 25/2+, 29/2+) and negative parity (17/2−
and 21/2−) isomeric states were reported in Refs. [13–17].
These experimental data indicate the need to perform prompt-
delayed γ -ray spectroscopy of the neutron-rich In isotopes for
the reliable assignment of states.

In the present article, new high-spin prompt γ -ray transi-
tions above the (25/2+) isomeric state are reported in the odd-
A 121In isotope along with new determination of the lifetime
of the isomeric (25/2+) state. Further, the existence of new
(19/2−) isomers in 119,121In isotopes is also discussed. These
new experimental results are discussed using large-scale shell-
model calculations.

II. EXPERIMENTAL DETAILS

A 238U beam at an energy of 6.2 MeV/u impinging on
a 9Be target was used to populate the neutron-rich fission
fragments 119,121In via fusion- and transfer-induced fission
reactions at GANIL. Two targets were used during the exper-
iment: the 1.6 μm and 5 μm targets were bombarded for 32 h
and 160 h, respectively, with typical beam intensities of 1 pnA
and 0.45 pnA, respectively. The two datasets were combined
for the present data analysis. The experimental setup consisted
of a combination of AGATA γ -ray tracking array [18,19],
VAMOS + + spectrometer [20], and the EXOGAM array
[21]. The AGATA array was placed at 13.5 cm from the target
position, which consisted of 32 crystals [18]. The focal plane
detection system of the VAMOS + + spectrometer, placed at
20◦ relative to the beam axis, consisted of a multiwire propor-
tional counter (MWPC), two drift chambers, and a segmented
ionization chamber. It was used for the unambiguous iso-
topic identification of the fission fragments (Z , A, q) [20,22–
24]. The velocity vector of the recoiling ions (measured by
dual position-sensitive MWPC (DPS-MWPC) detector [25]),
placed at the entrance of the VAMOS + + spectrometer, and
the γ -ray emission angle (determined using AGATA) were
used to obtain the energy of the Doppler corrected prompt
γ rays (γP), on an event-by-event basis. The delayed γ rays
(γD) were detected using seven EXOGAM HPGe Clover
detectors [21], arranged in a wall like configuration at the
focal plane of VAMOS + +, behind the ionization chamber.
The decays curves were obtained from the time difference
(tdecay) between the signals from the DPS-MWPC detector
placed at the entrance of VAMOS + + and the EXOGAM
HPGe detectors placed at the focal plane, and thus the time
measured is independent of the time of flight. Due to the
logic delays used during the experiment the presented time
(tdecay) has 800 ns offset, the true reaction time is located
therefore at tdecay = 800 ns. Additional information on the
background subtraction, efficiency evaluation, half-life eval-
uation are given in the Refs. [24,26]. The uncertainties in the
energy of prompt and delayed γ ray transitions is ∼1 keV.
The efficiencies for the prompt and delayed γ rays were
determined separately. The spin-parities were assigned based
on systematics and shell model calculations. The tabulated
values of the energies and relative intensities of the prompt
and delayed γ -ray transitions are provided as Supplemental
Material [27].

III. EXPERIMENTAL RESULTS

A. 119In

The level scheme for the 119In isotope, obtained from the
present work is shown in Fig. 1. Previous measurement on



FIG. 1. The level scheme of 119In. The widths of the arrows
represent the intensities of the transitions. The newly identified and
the previously known isomeric states are indicated by a thick red
and black line, respectively. The previously known half-life but
remeasured in this work and consistent with the previous work is
marked by a red dashed box.

the high-spin states in 119In was reported in Ref. [12]. The
A- and Z-gated tracked Doppler corrected prompt singles
γ -ray (γP) spectrum, for the 1.6 × 106 119In ions identified
in VAMOS + + in coincidence with prompt γ ray, is shown
in Fig. 2(a). The prompt γ -ray transition emitted by the
complementary fission fragments [22,23] (mainly from the
fusion-fission process) are observed and identified (marked by
“c”) in the low energy part of the γ -ray spectra. The random
coincidences with x-ray emitted by 238U is also observed
and is marked by an @ symbol. All the previously known
γ rays were observed in the present spectrum, except for
the 60 keV (19/2− → 17/2−) and 64 keV (19/2− → 17/2+)
γ -ray transitions suggesting a lifetime of the (19/2−) state. In
addition, two new prompt γ rays, 313 and 511 keV are ob-
served and are marked with an asterisk. The tracked Doppler
corrected prompt γP-γP coincidence spectrum with a sum gate
on the 145, 207, and 289 keV γ -ray transitions is shown in
Fig. 2(b). The newly observed 313 and 511 keV transitions
along with the previously observed 145, 207, 289, 499, 599,
and 1098 keV transitions are marked in this figure. However,
due to lack of enough statistics in the coincidence spectrum,
the 313 and 511 keV transitions were not placed in the level
scheme in Fig. 1. The 94, 928, and 1204 keV transitions are
not observed, pointing to the fact that the (19/2−) state could
be an isomeric state. This was confirmed by the observation
of only 94 and 1204 keV transitions with gate on 928 keV
transition in the prompt γP spectrum, as shown in Fig. 2(c).
The tracked Doppler corrected prompt γP-γP coincidence
spectrum with a gate on the 721 keV γ -ray transition, yielding
422, 636, and 740 keV transitions (not shown in this figure).
The delayed γ -ray spectrum (γD) for tdecay < 3 μs is shown
in Fig. 2(d), yielding 94, 152, 178, 218, 928, 1020, 1025,
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FIG. 2. A- and Z-gated γ -ray spectrum for 119In: (a) The tracked
Doppler corrected prompt singles γ -ray (γP) spectrum with the new
γ -ray transitions marked with asterisk. (b) Tracked Doppler cor-
rected prompt γP-γP coincidence spectrum with sum gate on the 145,
207, and 289 keV γ -ray transitions. (c) Tracked Doppler corrected
prompt γP-γP coincidence spectrum with gate on the 928 keV γ

ray. (d) The delayed singles γ -ray (γD) spectra for tdecay < 3 μs.
(e) Tracked Doppler corrected γP in coincidence with γD = 152 and
218 keV γ rays (for tdecay < 3 μs). The inset shows the tracked
Doppler corrected prompt γP-γP coincidence spectrum with gate on
the 336 keV γ ray.

and 1204 keV transitions. The 60 and 64 keV transitions are
below the detection threshold of the present delayed-γ -ray
setup and cannot be observed. The inset of Fig. 2(d) shows the
delayed γD-γD coincidence spectrum with gate on the 218 keV
γ -ray transition, yielding 94, 152, and 1204 keV transitions.
The tracked Doppler corrected γP in coincidence with any γD

(for tdecay < 3 μs) is shown in Fig. 2(e). This spectrum yields
the previously identified prompt γ -ray transitions, 336 and
460 keV transitions. The tracked Doppler corrected prompt
γP-γP coincidence spectrum with a gate on the 336 keV γ -ray
also yields 460 keV in coincidence, as shown in the inset of
Fig. 2(e). This shows that the 336 and 460 keV transitions are
indeed in coincidence and lie above the (25/2+) isomer.

Figure 3 shows the half-life fit (one-component) for
the decay spectrum upon gating on 152 keV transitions



FIG. 3. Decay curves along with the fits for the different tran-
sitions in 119In: (a) 152 keV and (b) sum of 1204 and 928 keV
transitions.

yielding a value of T1/2 = 270(11) ns for the (25/2+) state
(in agreement with the value of 240(25) ns reported in
Ref. [12]). The presently reported half-life corresponds to
B(E2; 25/2+ → 21/2+) = 19(1) e2 fm4. Even with a very
short time gate, it was not possible to obtain a γD spectra
containing only the 94, 928, and 1204 keV transitions, indi-
cating that the (19/2−) state has a short half-life, which is
below the sensitivity of the present setup. In order to have an
estimation of the half-life of the (19/2−) state, the half-life fit
(one-component) for the decay spectrum upon gating on the
1204 keV transition was determined to be T1/2 = 304(10) ns.
This shows that the half-life of the (19/2−) state should be
around 3 ns < T1/2 < 10 ns, which is compatible with the
half-life estimate for an M1 60 keV or E1 64 keV transition
that is consistent with the nonobservation of these transitions
in the prompt γ -ray spectrum.

B. 121In

The level scheme for the 121In isotope, obtained from
the present work is shown in Fig. 4. The A- and Z-gated
tracked Doppler corrected prompt singles γ -ray (γP) spec-
trum, for the 4.2 × 106 121In ions identified in VAMOS + +
in coincidence with prompt γ ray, is shown in Fig. 5(a).
The prompt γ -ray transition emitted by the complementary
fission fragment [22,23] (mainly from the fusion-fission) are
observed and identified (marked by “c”) in the low energy
part of the γ -ray spectra. The random coincidences with x-ray
emitted by 238U is also observed and is marked by an @
symbol. All the previously known γ rays were observed in
the present spectrum. In addition, four new prompt transitions
326, 352, 763, and 1052 keV transitions were observed and
these are marked with an asterisk in Fig. 5(a) and denoted
by red in the level scheme (Fig. 4). The tracked Doppler
corrected prompt γP-γP coincidence spectrum with sum gate
on the 110, 169, and 361 keV γ -ray transitions is shown in
Fig. 5(b). All the previously observed 110, 169, 361, 543, 573,
and 1116 keV transitions are labeled. The 953 and 1181 keV
transitions are not observed, pointing to the fact that the

FIG. 4. The level scheme of 121In. The widths of the arrows
represent the intensities of the transitions. The newly identified
transitions are shown in red. The newly identified and the previously
known isomeric states are indicated by a thick red and black line,
respectively. The newly redetermined half-life is marked by a red
box. The X and Y energies refer, respectively, to the energies of
the unobserved (17/2−) → (15/2−) and (19/2−) → (17/2−) tran-
sitions as reported in Ref. [12]. Because of these unobserved tran-
sitions, excitation energies of levels above the 15/2− level are not
determined.

(19/2−) state is likely to be an isomeric state with a short
half-life, which is below the sensitivity of the present setup.
This was confirmed by the observation of 1181 keV transition
only with the gate on 953 keV transition in the prompt
γP spectrum, as shown in Fig. 5(c). The tracked Doppler
corrected prompt γP-γP coincidence spectrum with a gate on
the 988 keV γ -ray transition, yielding 420 keV transition (not
shown in this figure). The delayed γ -ray spectrum (γD) for
tdecay < 30 μs is shown in Fig. 5(d), yielding 99, 160, 214,
953, and 1181 keV transitions. The inset of Fig. 5(d) shows
the delayed γD-γD coincidence spectrum with a gate on the
214 keV γ -ray transition, yielding 99, 953, and 1181 keV
transitions. The tracked Doppler corrected γP in coincidence
with any γD (for tdecay < 30 μs) is shown in Fig. 5(e). This
spectrum yields the newly identified prompt γ -ray transitions,
326 and 352 keV transitions. The tracked Doppler corrected
prompt γP-γP coincidence spectrum with the sum gate on the
newly observed 352 keV γ -ray also yields 326 and 763 keV
in coincidence, as shown in the inset of Fig. 5(e). This proves
that the 326, 352, and 763 keV transitions are indeed in
coincidence and lie above the (25/2+) isomer.

Figure 6(a) shows the half-life fit (one-component) for
the decay spectrum upon gating on 99 keV transition yield-
ing a value of T1/2 = 7.3(2) μs for the (25/2+) state (in
disagreement with the value of 350(50) ns reported in
Ref. [12] and 17(2) μs reported in Ref. [13]), as mentioned
in the Introduction. The newly reported half-life yielded
B(E2; 25/2+ → 21/2+) = 3.3(1) e2fm4. Similar fits were



0

10000

20000

30000

40000

0

1000

2000

0

40

80

0

1000

2000

0 200 400 600 800 1000 1200
Energy (keV)

0

40

80

120

0 500 1000

0

10

20

0 500 1000

0
200
400
600

C
ou

nt
s/

2 
ke

V
C

ou
nt

s/
2 

ke
V

C
ou

nt
s/

2 
ke

V
C

ou
nt

s/
1 

ke
V

(d) γ
D

(t
decay

 < 30 μs)

on 352 keV

10
21

95
3

C
ou

nt
s/

1 
ke

V

11
81

(c) γ
P
-γ

P
 with gate on 953 keV transitio n

Energy (keV)

C
ou

nt
s/

2 
ke

V γ
P
-γ

P
 with gate 

35
2*

16
9

11
0

(b) γ
P
-γ

P
 with sum gate on 

C
ou

nt
s/

2 
ke

V

11
81

95
3

54
3

57
3

32
6 

* 35
2 

*

11
81

Energy (keV)

95
3

16
9

11
0

(a) γ
P

36
1

54
3

11
16

(e) γ
P
 in coincidence with

γ
D

 = 214 keV
(t

decay
 < 30 μs)

32
6*

99

21
4

32
6*

42
0

36
1

57
3

98
8

11
16

76
3*

16
0

10
52

 *

76
3 

*64
0c

@
16

0

110, 169 and 361 keV

11
81

99 γ
D

-γ
D

 with gate 

on 214 keV

FIG. 5. A- and Z-gated γ -ray spectra for 121In: (a) The tracked
Doppler corrected prompt singles γ -ray (γP) spectrum with the new
γ -ray transitions marked with asterisk. (b) Tracked Doppler cor-
rected prompt γP-γP coincidence spectrum with sum gate on the 110,
169, and 361 keV γ -ray transitions. (c) Tracked Doppler corrected
prompt γP-γP coincidence spectrum with gate on the 953 keV γ ray.
(d) The delayed singles γ -ray (γD) spectra for tdecay < 30 μs. The
inset in (d) shows the decay curve along with the fit for the 99 keV
transition. (e) Tracked Doppler corrected γP in coincidence with
γD = 214 keV γ ray (for tdecay < 30 μs). The inset shows the tracked
Doppler corrected prompt γP-γP coincidence spectrum with gate on
the 352 keV γ ray.

carried out for the other delayed transitions in the same
cascade, namely the 214, 953, and 1181 keV transitions
yielding 7.5(2) μs, 7.0(2) μs, and 7.2(2) μs as shown in
Figs. 6(b), 6(c), and 6(d), respectively. That the half-life of
the (25/2+) state cannot be 350(50) ns (Ref. [12]), is also
mentioned in Ref. [13] and evident from our measurement.
However, the disagreement between the present work and
Ref. [13] cannot be firmly understood as the present data set
confirms the measurement of long-lived isomers in isotopes
of Sb (Ref. [26]) and thus a long half-life of 17(2) μs could
not be seen in the case of 121In.

Further, it was not possible to obtain a γD spectra with a
very short time gate containing only the 953 and 1181 keV
transitions. This suggests that the (19/2−) state has a short

FIG. 6. Decay curves along with the fits for the different transi-
tions in 121In: (a) 99 keV, (b) 214 keV, (c) 953 keV, and (d) 1181 keV
transitions.

half-life, which is below the sensitivity of the present setup,
similar to what is observed in 119In. An estimate for the half-
life could not be carried out in this case as the half-life of the
(25/2+) state is relatively large.

IV. DISCUSSION

Large-scale shell-model calculations, with a model space
consisting of valence neutrons (ν) in d3/2, s1/2, and h11/2 and
protons (π ) in p1/2, g9/2, and g7/2 orbitals, near the Fermi
surface, were carried out to understand the structure of the
high-spin states in neutron-rich 119,121In isotopes. The iso-
tones of In and Sb ranging from N = 70 to N = 80 were also
studied. An interaction, derived from the jj45pn and jj55pn
interactions [28] was adjusted to account for the missing
correlations in the restricted model space used in this work
to improve the agreement with both the level energies and
B(E2) values in Sn and Sb isotopes [26]. This interaction
was then used, in the present work, to explain the energies
and the B(E2) values in the In isotopes. The calculations
were performed using the NATHAN code [29]. The theoretical
B(E2; 25/2+ → 21/2+) = 42.3 and 41.0 e2fm4 values for
119In and 121In, respectively, obtained from this interaction
are not in agreement with the corresponding experimental
values [the green dashed line in Fig. 7(b)]. The reason behind
this could be attributed to the fact that in Ref. [26], no
changes were made in the 〈πg9/2νh11/2; I|Ĥ|πg9/2νh11/2; I〉
two-body matrix elements of residual interaction. To improve
the calculated values of the B(E2)’s in the In isotopes, the



FIG. 7. (a) Comparison of the experimental (Expt.) level schemes with those obtained from shell model calculations using the interaction
(SM) in the present work for both positive- and negative-parity states in 119,121In. The different states with the same spin are joined by dotted
lines. (b) The experimental B(E2) values for 25/2+ → 21/2+ in odd-A 119,121In from the previous work (Ref. [12]) and the present work are
shown by the black square and red triangle, respectively. The shell model (SM) calculations from Ref. [26] and the present work are shown by
green dashed and red solid lines, respectively, for 119–129In isotopes.

〈πg9/2νh11/2; I|Ĥ|πg9/2νh11/2; I〉 (I = 6, 8, 10) matrix were
modified by −200, −400, and +500 keV, respectively.

Figure 7 shows the experimental excitation energies for
the positive-parity and negative-parity levels [panel (a)] and
B(E2; 25/2+ → 21/2+) values [panel (b)] in 119,121In, along
with the calculations (SM) using the above-mentioned mod-
ified interaction. It can be seen in Fig. 7(a) that the experi-
mental energies are reproduced within ∼500 keV. The newly
calculated B(E2; 25/2+ → 21/2+) = 19.5 and 12.5 e2fm4

values (red solid line) were obtained for 119In and 121In
isotopes, respectively, are in reasonably good agreement with
the present experimental values of 19(1) and 3.3(1) e2fm4

(red triangle), respectively, as shown in Fig. 7(b). The
shell model calculations show that the 25/2+ levels in
odd-A In have a dominant πg−1

9/2νh−2
11/2 configuration. The

B(E2; 25/2+ → 21/2+) in the odd-A In isotopes are expected
to follow a similar trend as for the B(E2; 10+ → 8+) in
even-A Sn (νh−2

11/2) and B(E2; 23/2+ → 19/2+) in odd-A Sb

(πg7/2νh−2
11/2) isotopes. Both these levels involve the (νh−2

11/2)
configuration. It was shown in Fig. 17 of Ref. [26] that
both the experimental and the calculated B(E2; 10+ → 8+)
in even-A Sn and B(E2; 23/2+ → 19/2+) in odd-A Sb show
a parabolic behavior with a minimum around N = 72, 74. The
experimental B(E2; 25/2+ → 21/2+) values for the 119,121In
isotopes reported in Ref. [12] show an increase [black squares
in Fig. 7(b)]. However, the present experimental values [red
triangles in Fig. 7(b)] follow the expected behavior inherited
from the Sn isotopes.

Based on a good agreement of the shell model results
and the present experimental data, a systematic shell model
analysis, using the interaction discussed above, was made for
the isotopic chains of 121–131Sb and 119–129In. The results of
the calculations are shown in Fig. 8. The 10+ seniority isomer
in even-A 120–130Sn isotopes is known to be dominantly
arising from νh−2

11/2 configuration [3–6]. Stretched angular

momentum coupling of πg7/2 particle in 121–131Sb (πg9/2 hole
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FIG. 8. Evolution of the calculated (SM) energies and the probabilities for the neutron angular momentum and neutron seniority for the,
spin-orbit partners of In and Sb isotopes. (a) Energies of 21/2+ (black), 25/2+ (red), and 29/2+ (blue) states in Z = 49 119–129In isotopes;
(b) Energies of the 19/2+ (black), 23/2+ (red), and 27/2+ (blue) level in Z = 51 121–131Sb isotopes. The evolution of the 10+ states in
Z = 50 120–130Sn isotopes are also shown in green in these panels. The probability of the neutron angular momentum, P(Iν = 8+ and 10+) for
the (c) 29/2+ (blue filled), 25/2+ levels (red hatched filled) in In; and (d) for the 27/2+ (blue filled), 23/2+ (red filled and hatched) states in
Sb isotopes. The occupancy of the νh11/2 orbital for each level is also shown on top of each bar in these panels. The probability of the neutron
seniority, P(υν = 2 and 4) for the (e) 29/2+ (blue), 25/2+ states (red) in In; and (f) 27/2+ (blue filled and hatched), 23/2+ (red filled hatched)
states in Sb isotopes.

in 119–129In) to the νh−2
11/2 configuration leads to a maximum

aligned spin of Iπ
Max(Sb) = 27/2+ in Sb and Iπ

Max(In) = 29/2+

in In. In the case of Sb, Iπ
Max(Sb) − 2 = 23/2+ isomers were

reported for 123–131Sb isotopes [26]. However, in the case
of In, Iπ

Max(In) − 2 = 25/2+ isomers are observed only in the
lighter odd-A 119,121,125In isotopes, while Iπ

Max(In) = 29/2+



isomers are reported in heavier odd-A 127,129In isotopes
[12,14]. The evolution of the energy of levels involved can
be used to explain these observations. The results of shell
model calculations for the 29/2+, 25/2+, and 21/2+ levels
in 119–129In are shown in Fig. 8(a). In Fig. 8(b) the 27/2+,
23/2+, and 19/2+ levels in 121–131Sb are shown. Panels (a)
and (b) include also the calculated 10+ state in 120–130Sn.
The energy of 10+ levels in Sn, associated with the νh−2

11/2
configuration, is calculated to be relatively constant. In In,
the inversion of the 25/2+ and 21/2+ levels beyond 121In, is
consistent with the reported long-lived 25/2+ isomer that does
not decay to 21/2+ level in 123–129In [14]. Furthermore, the
energy of the high lying 29/2+ level decreases steeply as the
neutron number increases, it lies below the 21/2+ and 25/2+

in 127,129In. A similar conclusion was obtained from shell
model calculations in Ref. [14] for 127,129In isotopes showing
that the energy of the 29/2+ is lower than the 25/2+ level due
to strong νπ interaction in the (πg−1

9/2νh−1
11/2; 10−) state. In the

case of the Sb [Fig. 8(b)], the calculations for the 121–131Sb
isotopes show that the ordering of the 27/2+, 23/2+, and
19/2+ level is preserved, in agreement with the experimental
observations. An opposite behavior of the Iπ

Max(In) = 29/2+

in In and Iπ
Max(Sb) = 27/2+ in Sb can be clearly seen from

Fig. 8(a) and 8(b): while the energy of the 29/2+ levels in
In is decreasing with increasing neutron number, the energy
of the 27/2+ levels in Sb increases. This could be understood
as a consequence of the hole-hole and particle-hole nature of
the νπ interaction. At high particle occupancy of the νh11/2

orbital the πgνh11/2 interaction is of the hole-hole nature in
In and of the particle-hole nature in Sb while at low particle
occupancy of the νh11/2 orbital it is of the hole-particle nature
in In and particle-particle in Sb.

Beyond the energy levels, an in-depth analysis of the
probability of the neutron angular momentum decomposi-
tion, P(Iν = 8+ and 10+) and neutron seniority P(υν = 2
and 4), for the 29/2+ and 25/2+ states in 119–129In; 27/2+
and 23/2+ states in 121–131Sb, using the shell model calcula-
tions, was made. These probability distributions are shown in
Figs. 8(c),8(d), 8(e), 8(f), respectively. Figure 8(c) shows that
for 119–129In, the 29/2+ level has a dominant contribution from
Iν = 10+ (Iν = 8+ is not possible for this spin). The contribu-
tion from Iν = 10+ to the 29/2+ level reaches the unity only
in 129In, in the 119–127In isotopes there is an admixture arising
from Iν > 10+ with υν = 4 as can be seen in Fig. 8(e). For the
25/2+ state in 119–129In, both the contributions from Iν = 8+
and 10+ are shown by red hatched and red filled bars. It can
be seen from Fig. 8(c) that the contribution from Iν = 8+
dominates at high mass number and that the contribution from
Iν = 10+ is increasing with decreasing mass number. At lower
mass number the contribution to the 25/2+ state form the
υν = 2 dominates, while with increasing mass number υν = 4
increases. This trend suddenly breaks beyond A = 125, since
at A = 129 υν = 4 is no longer possible. This could be also
a reason of the presence of the discontinuity of the increasing
energy trend of the 21/2+ and 25/2+ with increasing mass
number [see Fig. 8(c)].

A similar decomposition is shown in Figs. 8(d) and 8(f) for
Sb isotopes. Figure 8(d) shows that for 121–131Sb, the 27/2+
state also has a dominant contribution from Iν = 10+. For

the 23/2+ levels in 121–131Sb, both the contributions from
Iν = 8+ and 10+ are shown by red hatched and red filled bars,
respectively. It can be seen from Fig. 8(d) that on the contrary
to In, the contribution from Iν = 10+ dominates at high mass
number and that the contribution of Iν = 8+ increases with
decreasing mass number. Similarly in Fig. 8(f) the inverted
trends, as compared to 25/2+ states in In, can be seen in the
contribution of υν = 2 and 4 to the 23/2+ states.

Summarizing, the shell model calculations, the presence
of the 25/2+ isomers in lighter In isotopes was reproduced
and the B(E2) values of the corresponding γ decay were
well described. An in-depth analysis and the comparison
of the Iπ

Max(In) = 29/2+ and Iπ
Max(In) − 2 = 25/2+ in In and

Iπ
Max(Sb) = 27/2+ and Iπ

Max(Sb) − 2 = 23/2+ in Sb revealed
several “mirror”-like symmetries between the corresponding
states in In and Sb, as a function of the mass number:

(i) The energy of the Iπ
Max(In) = 29/2+ is strongly down

sloping while the energy of the Iπ
Max(Sb) = 27/2+ is up

sloping, with increasing mass number. Both states re-
sult dominantly from the stretched coupling of proton-
hole or proton-particle with the neutron 10+ with
seniority υν = 2 state of the underlying Sn core.

(ii) The energies of the Iπ
Max(In) − 2 = 25/2+ and the

Iπ
Max(Sb) − 2 = 23/2+ are similar and increase slightly

with increasing mass number. Both result dominantly
from the coupling of proton-hole or proton-particle
coupled to a mixture of the neutron 8+ and 10+ states
with strong mixing of seniorities υν = 2 and 4. In In, at
lower mass number the dominant contribution is from
the 10+ state and the seniority υν = 2, both decrease
with increasing mass number. On the contrary, in Sb, at
lower mass number the dominant contribution is from
the 8+ state and the seniority υν = 4, and the trends
are opposite to those observed in In.

Those “mirror”-like symmetries could be understood as
resulting from the particle-hole and the hole-hole symmetry
of the νπ interaction.

V. SUMMARY AND CONCLUSIONS

The neutron-rich odd-A 119,121In isotopes were produced
as fission fragments in the reaction 9Be (238U, f ) at ener-
gies around the Coulomb barrier. New prompt transitions
were identified above the 25/2+ isomer in 121In along with
the remeasurement of the half-life of this isomer. Addition-
ally, the possibility of a short half-life of the (19/2−) iso-
meric states in odd-A 119,121In isotopes was demonstrated.
These results were possible using the unique combination of
AGATA, VAMOS + +, and EXOGAM detectors, measuring
the prompt-delayed spectroscopy of isotopically identified fis-
sion fragments. Shell model calculations, using a modification
of the interaction used in Ref. [26], were used to interpret
the data and also study the evolution of the energy of the
21/2−, 25/2−, and 29/2− levels in isotopic chains of odd-A
In and the corresponding 19/2−; 23/2− and 25/2− levels
in odd-A Sb, using a decomposition in terms of the prob-
ability distributions of the neutron angular momentum and
neutron seniority. A good agreement was obtained between



the measured energies and the B(E2) transition probabili-
ties and shell model calculations. In addition, in the odd-A
In isotopes (having a πg−1

9/2νh−2
11/2 configuration) the newly

measured B(E2; 25/2+ → 21/2+) were shown to follow a
similar behavior to those for the B(E2; 10+ → 8+) in even-A
Sn (νh−2

11/2) isotopes and B(E2; 23/2+ → 19/2+) in odd-A

Sb isotopes (πg1
7/2νh−2

11/2). Shell model calculations presented

in this work show that the πg9/2 hole coupled to the νh−2
11/2

configuration leads to the lowering of the energy of the
maximum aligned spin 29/2+ level as a function of increasing
neutron number, thus leading to the observation of 29/2+
isomeric states in the 127,129In isotopes. The πg7/2 particle
coupling to the νh−2

11/2 configuration leads to the increase of the
energy of maximum aligned spin 27/2+ level as a function of
increasing neutron number leading to 23/2+ isomeric states
in 123–131Sb isotopes. These results illustrate the role of the
particle-hole and the hole-hole symmetry of the νπ interac-
tion. Future experiments using prompt-delayed spectroscopy
that are sensitive to short lifetimes could allow to determine
the lifetime of the 19/2− state in 119,121In that would further
clarify the high spin structure of these isotopes.
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