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Low-lying high-spin yrast states in the exotic odd–odd isotopes 124–128Sb (Z = 51) and 118–128In (Z = 49), 
studied for the first time, show a striking difference in their observed γ -ray decay. With a single valence 
proton particle/hole occupying the g7/2/g9/2 spin-orbit partners, dominant electric quadrupole transitions 
occur in Sb as opposed to magnetic dipole transitions in In. The observed properties are explained on 
the basis of general principles of symmetry and with large-scale shell-model calculations, and reveal 
novel aspects of the competition between the neutron–proton interaction and the like-nucleon pairing 
interaction.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
Nuclear magnetic dipole (M1) moments and transitions, having 
contributions from both neutrons and protons, are especially suited 
for studying spin and isospin characteristics of nuclei [1]. The mag-
netic moment μ (or g factor, g J = μ/μN, where J is the nuclear 
angular momentum) of a level in an odd-mass nucleus is, in the 
extreme single-particle limit, given by the Schmidt value [2] that 
results from the parallel or anti-parallel coupling of the orbital an-
gular momentum � and the spin of the unpaired nucleon. Observed 
deviations from the Schmidt value have attracted attention since 
the 1950s [3–5] and their understanding remains an open prob-
lem to this day [6–8]. The deviations are attributed mainly to core 
polarization (coupling to λπ = 1+ particle-hole states in spin-orbit 
partner shells) and to meson exchange currents (modification of 
the virtual-meson cloud around a nucleon, due to the presence of 
other nucleons). M1 transitions between short-lived states reflect 
the resemblance of the wave function of initial and final states, 
provide information that is complementary to that obtained from 
magnetic moments, and have played a critical role in unveiling the 
existence of different modes of nuclear excitations [9–11]. Selec-
tion rules in M1 transitions can also be used to probe symmetries 
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and quantum numbers. One such symmetry is seniority (essen-
tially the number of unpaired nucleons), which is known to be 
an approximate quantum number for identical nucleons in a sin-
gle shell [12,13] but strongly broken in nuclei with neutrons and
protons in the valence shell.

The strong spin-orbit coupling in the nucleus, a decisive ingre-
dient for determining nuclear shell structure, leads to a splitting 
of orbits with j = � + 1/2 and j = � − 1/2. Among the various 
gaps so created, the one at Z = 50 is unique since it is the only 
one with adjacent spin-orbit partner orbits. The measured mag-
netic moments of odd-mass Sb [14] and In [15] deviate from their 
Schmidt limits (in an opposite fashion), as can be understood from 
core polarization and meson exchange, and accounted for by a 
renormalization of the M1 operator with the inclusion of a tensor 
term [6,7]. The evolution of the magnetic moments with N [16]
is presumably due to particle-core coupling [14,17] but why this 
variation occurs in Sb and not in In remains unclear.

In neutron-rich Sb and In isotopes, the valence proton par-
ticle and hole occupy well-isolated orbits, g7/2 or g9/2, respec-
tively. These isotopes thus provide a unique possibility to study 
the role of the individual magnetic properties of a valence parti-
cle/hole in spin-orbit partner orbits in M1 transitions. Additionally, 
the characterization of excited states of these isotopes will allow 
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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Fig. 1. (Color online.) A- and Z -identified Doppler-corrected γ -ray spectra for the 
odd–odd 118–128In isotopes (for energies greater than 600 keV the binning is dou-
bled). A smooth background is subtracted from these spectra. The dashed line con-
nects the most populated transition for each isotope, corresponding to the decay of 
the lowest populated excited state.

us to address the questions whether the particle/hole nature of 
the proton influences the structural evolution with N and to what 
extent the presence of one single valence proton destroys the se-
niority symmetry of the neutrons. With the above motivation, we 
report in this letter on electromagnetic transitions, deduced from 
prompt γ spectroscopy of isotopically identified Sb and In isotopes 
with N = 73, 75, 77 produced in fission at an energy around the 
Coulomb barrier.

Odd-mass Sb and In isotopes have been investigated by iso-
mer decay and in-beam spectroscopy [18–21]. Odd–odd isotopes 
have only been studied by β-decay [22–28] and the spectroscopy 
of their high-spin states in the vicinity of N � 80 is unknown. Ex-
cited states in nuclei far from stability have become accessible by 
means of radioactive-ion beams while those at high angular mo-
mentum have been studied using the combination of large γ -ray 
arrays with stable beams. More recently, the increased sensitivity 
of isotopic identification of fission fragments at energies around 
the Coulomb barrier, using a large-acceptance spectrometer cou-
pled with an efficient γ -ray detector array, have allowed the study 
of nuclei at the extremes of both spin and isospin [29,30].

The measurements were made at GANIL using the magnetic 
spectrometer VAMOS++ [31,32] in coincidence with the γ -ray 
detector array EXOGAM [33]. Fragments from fusion–fission and 
transfer-induced fission were produced in collisions of 238U, at an 
energy of 1.29 GeV, with a 10 μm-thick Be target. The typical in-
tensity of the beam was 109 particles/s. The time-of-flight and the 
positions of incoming ions, along with the known ion optical prop-
erties of VAMOS++, were used to obtain on an event-by-event basis 
the magnetic rigidity Bρ , the velocity vector of the fission frag-
ment VFF, and the mass-over-charge A/q. The Z identification of 
the fission fragment was obtained from the correlation of the en-
ergy loss and the total energy. The energy of γ rays emitted by the 
nuclei was transformed to the rest frame by combining the mea-
sured direction of the γ -ray (using the segmentation of EXOGAM) 
and VFF. Further details of the experimental method can be found 
in Refs. [29,30].
Fig. 2. A- and Z -identified Doppler-corrected γ -ray coincidence spectra for the 
122,124,126In isotopes (a–c) and 126,128Sb isotopes (d–e).

The isotopically identified γ -ray spectra of the even-mass 
124–128Sb and 118–128In were measured. Figure 1 shows the spectra 
for the most exotic isotones measured in this work. All reported 
γ -ray transitions are observed for the first time. The dashed line 
indicates the evolution, as a function of N , of the energy difference 
between the two lowest populated levels. It smoothly decreases 
with increasing N; at N = 79 the trend reverses (the 323 keV tran-
sition is the most intense) implying a change in structure. In the 
following discussion we limit ourselves to the most neutron-rich 
isotopes of Sb and In studied here. Figure 2 shows the γ –γ coin-
cidence spectra for the nuclei where it was possible. The derived 
partial level schemes for N = 73, 75, 77, obtained using γ –γ coin-
cidences and relative intensities, are shown in Fig. 3.

The fission process favors the population of yrast states and the 
present experimental setup is sensitive only to states with lifetimes 
shorter than ∼2 ns (as states with larger lifetimes decay far from 
the Compton suppressed array). Therefore, all � J = 2 transitions 
can be assumed E2 as any other multipolarity leads to levels that 
are too long-lived to be detected. Since crossover transitions are 
observed, � J = 1 is adopted in the sequence of adjacent levels. 
The corresponding transitions are assumed to be M1, which are 
strongly favored over E2 for low-energy γ rays. It is unlikely that 
the � J = 1 sequences are E1 transitions, hence the concerned lev-
els can be assigned the same parity. The width of the arrows in 
Fig. 3 represents the branching ratio, normalized to the same decay 
probability for each level, with M1 (E2) transitions in red (blue). 
The ratios of reduced transition probabilities B(M1)/B(E2), ob-
tained from the measured branching ratios, and the γ -ray energies 
are also shown. What stands out from Fig. 3 is: (i) the unexpect-
edly different decay pattern, with a dominance of E2 transitions 
in Sb and of M1 transitions in In; (ii) a strong variation (which we 
conjecture to be a staggering) with increasing spin of B(M1)/B(E2)

ratios in the In isotopes; (iii) a smooth increase for Sb and decrease 
for In, with neutron number, of the energy difference between the 
two lowest states. These observations are interpreted below.

The shell model in the full relevant single-particle space leads 
to matrices of very large dimension. Calculations are therefore car-
ried out in a restricted single-particle space consisting of the neu-
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Fig. 3. (Color online.) Partial level schemes of the Sb and In isotopes built on the 
yrast low-energy high-spin states proposed in this work. Excitation energies (in keV) 
are relative to the 8− (Sb) or 9− (In) level. Transitions in red (blue) are M1 (E2). The 
width of the arrows represents the branching ratio, normalized to the same decay 
probability for each level. Also shown are the deduced B(M1)/B(E2) ratios.

tron (ν) d3/2, s1/2, h11/2 orbits, and the proton (π ) g9/2, p1/2, 
g7/2 orbits near the Fermi surface. The interaction used is de-
rived starting from the CD Bonn potential (jj45pn and jj55pn [34]) 
and calculations are performed with the codes NATHAN [35] and 
OXBASH [36]. The diagonal matrix elements for the neutrons are 
adjusted to account for missing correlations in the restricted model 
space. Effective charges of eν = 0.9 and eπ = 1.8 are chosen so 
as to reproduce the measured B(E2) values in the Sn and Te iso-
topes [37]. The orbital and spin parts of the M1 operator are 
taken as suggested by a microscopic calculation [7,14] and no ten-
sor term is included (see below). Calculated low-spin levels are 
omitted from the spectrum and only the yrast levels built on the 
lowest high-spin state (8− in Sb and 9− in In) are shown in Fig. 4
(the fission process favors the population of yrast states). Fogel-
berg et al. [38,39] reported low-lying low-spin positive-parity (like 
1+, 3+, 5+) states in 122,124,126In, not observed in the present work. 
The presence of the crossover transitions connecting the lowest 
states observed in the present work allows to rule out a change 
of the parity of the levels in the sequence. The longer lifetimes of 
the M2 and higher multipolarity transitions, are beyond the sensi-
tivity of the present experiment (�2 ns). The energy differences 
between the proposed E(9−) − E(8−) (Sb) and E(10−) − E(9−)

(In) states (Fig. 3) and also those for the higher-lying states, evolve 
smoothly as a function of N in good agreement with the calcula-
tions (Fig. 4). The calculations for the In isotopes show that the 
B(M1) values are generally large, ∼1 μ2

N, and the B(E2) values 
amount to ∼200 e2fm4. In the Sb isotopes the B(M1) values are 
smaller while B(E2) values are larger than in In. The calculated 
B(M1) values also show a staggering as a function of spin [re-
lated to observation (ii)]. The good agreement of the calculations 
with the observations constitutes the basis of the tentative spin-
parity assignments and thus the M1 or E2 character of the relevant 
Fig. 4. (Color online.) Same as Fig. 3 for the full shell-model calculation (see text). 
The numbers on the arrows are the B(M1) or B(E2) values, in units of μ2

N and 
e2fm4, respectively. To compare with the B(M1)/B(E2) ratios quoted in Fig. 3, the 
B(M1) value should be divided by the B(E2) value of the transition starting from 
the same level.

transitions in Fig. 3. Fogelberg et al. [39] measured the β-decay of 
the high-spin states in 120,122,124,126,128In and tentatively suggested 
a Jπ of 8− for these states. The calculations predict the 8− state 
to be the lowest in the lighter In (A ≤ 120) isotopes, in 122In it is 
close in energy to the 9− state whereas in 124In it lies close to the 
10− state and in 126In it is ∼500 keV above the 10− . If the low-
est state is assumed to be 8− , the corresponding sequence for the 
excited states 8−, 9−, 10− would lead to a cascade of strong M1 
transitions, without showing a staggering in B(M1)/B(E2) ratios 
(as observed), since these states belong to the same multiplet.

A deeper insight into the three features seen in the data (and 
their ramifications) can be obtained from a simplified version of 
the above shell-model calculation where the observed low-energy, 
negative-parity states are considered to arise from a proton par-
ticle jπ = g7/2 (Sb) or a proton hole j−1

π = g−1
9/2 (In) coupled to 

nν neutrons in jν = h11/2. The observed dominance of E2 transi-
tions in Sb and of M1 transitions in In [observation (i)] can be 
explained as follows: if neutrons and protons are confined to spe-
cific orbits jν and jπ , the M1 matrix elements are proportional to 
the difference of g factors, g( jν) − g( jπ ). The calculated effective 
M1 operator [7] for a g (� = 4) proton in this mass region [14]
has g(π g7/2) = 0.84 and g(π g9/2) = 1.43. These compare well 
with the measured values g(7/2+

1 ) ≈ 0.71–0.86 in odd-mass Sb 
(depends on N) and g(9/2+

1 ) ≈ 1.22 in odd-mass In [16]. The cor-
rections to the free M1 operator (which do not include effects from 
λπ �= 1+ core polarization [17] nor two-body terms [40]) mainly 
concern the orbital (+14%) and the spin parts (−35%), as the ten-
sor term contributes only 3% of the final result. No effective M1 
operator is known for an h (� = 5) neutron in this mass region. As-
suming the same spin quenching (−35%) for neutrons and protons, 
one finds g(νh11/2) = −0.23, to be compared with the measured 
value g(11/2−) ≈ −0.25 in odd-mass Sn [16]. The g factors thus 
1
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determined lead to B(M1) values that are ∼2 times larger in In 
than in Sb, as observed in Fig. 4.

The results of the simplified shell model can be further inter-
preted if a seniority (or broken-pair) classification is adopted for 
the neutrons. The interaction between the neutrons has seniority 
as an approximate symmetry, resulting in a spectrum that, for an 
odd number of neutrons in νh11/2, has a ground state with senior-
ity υν = 1 and angular momentum Jν = 11/2 (no broken pair), 
and excited states with υν = 3 or 5 (one or two broken pairs). 
It can be shown (based on first-order perturbation theory) that a 
state with nν neutrons with seniority υν in the orbit jν and nπ

protons with seniority υπ in the orbit jπ is shifted in energy by 
the neutron–proton (np) interaction by an amount �Eνπ ,

�Eνπ = nνnπ V̄ jν jπ + υνυπ
1

2

(
V αναπ J

jν jπ
+ V αναπ J

jν j−1
π

)

+ fν fπυνυπ

[
1

2

(
V αναπ J

jν jπ
− V αναπ J

jν j−1
π

)
− V̄ jν jπ

]
, (1)

where fρ (ρ = ν or π ) is related to the fractional filling of the 
orbits, fρ = 2(nρ −υρ)/(2 jρ + 1 − 2υρ) − 1. Three linear combina-

tions of the np interaction matrix elements V J
jν jπ

occur, namely 
the monopole average V̄ jν jπ ≡ ∑

J [ J ]V J
jν jπ

/([ jν ][ jπ ]) and the 
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and
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(3)

where [x] ≡ 2x + 1, αρ stands for υρ Jρ , cυ ′ J ′
nυ J is a coefficient 

of fractional parentage [12], cυ ′ J ′
nυ J ≡ [ jn−1(υ ′ J ′) J |} jnυ J ], and the 

symbol in curly (square) brackets is a 12 j coefficient of the first 
(second) kind [41]. Equations (2) and (3) are the generalization to 
n nucleons of the particle-hole theorem proven in 1956 by Pandya 
for n = 2 [42].

Equation (1), with np matrix elements V J
jν jπ

taken from an em-
pirical analysis [43] or, as is done here, from the full shell-model 
calculation, is used to elucidate the evolution of states with neu-
tron number. Fig. 5 shows the diagonal interaction energies �Eνπ

for the υν = 1, Jν = 11/2 (blue dashed line) and the υν = 3, 
Jν = 9/2 (red dash-dotted line) neutron configurations for the 
8− (Sb) or 9− (In) state, as a function of the number of neutrons 
nν in νh11/2. A crossing of the υν = 1 and υν = 3 configurations 
(indicated by the arrows) occurs for both Sb and In. This is in con-
trast to the evolution of the 9− (Sb) or 10− (In) state (not shown) 
where the υν = 1 configuration is always found to be lowest in 
energy for all nν .

Fig. 5 also shows the evolution with nν of the relative energy 
of the two same states after diagonalization (black solid line). The 
energy differences E(9−) − E(8−) (Sb) and E(10−) − E(9−) (In) 
can be seen to vary smoothly for most values of nν , increasing 
Fig. 5. (Color online.) Evolution of the relative energy of two high-spin states in 
odd–odd Sb and In isotopes, as predicted by a simplified shell-model calculation. 
The blue triangles (dashed line) and red triangles (dash-dotted line) are diagonal 
interaction energies �Eνπ for the 8− (Sb) or 9− (In) state arising from a υν = 1, 
Jν = 11/2 and a υν = 3, Jν = 9/2 neutron configuration, respectively. The arrows 
indicate the crossing of configurations. The black dots (solid line) are obtained after 
diagonalization. The pie charts indicate the squares of the amplitudes (after mixing) 
of the υν = 1, 3, and 5 components in blue, red, and white, respectively, for the 
8− (Sb) or 9− (In) state. The gray area corresponds to the occupancies of νh11/2

relevant for the isotopes studied here.

with nν in Sb and decreasing in In, as seen experimentally [ob-
servation (iii)] and in the full shell-model calculation. Also shown 
in Fig. 5 (as pie charts) are the squares of the amplitudes of the 
υν = 1, 3, and 5 components of the wave function (after mixing) 
of the lowest 8− (Sb) or 9− (In) state. The reversal of seniori-
ties is reflected in the pie charts. Additionally, Fig. 5 reveals the 
particle-hole symmetry as a similarity between the properties of 
an Sb isotope with nν neutrons and those of an In isotope with 
12 − nν neutrons. This generic behavior arises due to the ‘Pandya’ 
structure of Eq. (1) (reminiscent of the corresponding expression 
in terms of quasi-particles [44]).

The surprising and new feature revealed by our study is that 
the natural seniority ordering is easily broken. For the isotopes 
of interest here, with 7 � nν � 9 (occupancies of νh11/2 as ob-
tained in the full shell-model calculation), the seniority inversion 
occurs in In, the υν = 3 configuration being lower in energy and 
the dominant component of the wave function. The feature of fa-
voring energetically the state with one broken pair over that with 
no broken pairs is due to the interaction of a single proton with the 
neutrons. The character of the proton (i.e., whether it is a particle 
or a hole) is of crucial importance in this mechanism. The inter-
play of like-nucleon pairing and neutron–proton interaction has 
been the topic of previous studies. For example, odd–even stag-
gering effects of binding energies [45] depend on this interplay 
and, in particular, on the character (i.e. particle or hole) of the odd 
nucleon [46]. The present interpretation confirms indeed the im-
portance of this character in the breaking of seniority.

In summary, the measured electromagnetic decay of neutron-
rich odd–odd Sb and In isotopes is found to be strikingly different, 
and can be explained from the magnetic moment of a proton in 
spin-orbit partner orbits. The work highlights the important role 
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of a single proton (particle or hole) in the mixing of the seniority 
quantum number, leading to the dominance of the higher-seniority 
configuration in the In isotopes. This result is found to be inde-
pendent of the interaction and demonstrates the importance of 
the neutron–proton interaction over the like-nucleon pairing in-
teraction in these nuclei far from stability. This study calls for 
systematic measurements of lifetimes and spectroscopic factors in 
this region of the nuclear chart. Apart from their intrinsic inter-
est as regards the evolution of nuclear structure far from stability, 
they could provide inputs for a deeper understanding of the com-
ponents of the effective M1 operator.
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