
TPSM Analysis of Structural Evolution in 109Sb

Aneeqa Basheer1, Ritvik Gupta1, Manvi Rajput1,∗, Suram Singh1,∗∗, G.H. Bhat2, and J.A.
Sheikh3

1Department of Physics and Astronomical Sciences, Central University of Jammu, Samba, Jammu and
Kashmir, (181143), India

2Government Degree College, Shopian, Jammu and Kashmir, (192303), India
3Department of Physics, Islamic University of Science and Technology, Awantipora, (192122), India

Abstract. The structural evolution of the odd-mass nucleus 109Sb has been in-
vestigated using the Triaxial Projected Shell Model (TPSM). This nucleus, lo-
cated close to the Z = 50 shell closure, serves as an ideal system for investigat-
ing the interplay between single-particle motion and collective rotation. Using
angular-momentum projected quasiparticle configurations built on a triaxially
deformed basis, we analyze the yrast and yrare band structures and compare
the calculated energies with available experimental data. The TPSM results
reproduce the observed band crossings and the overall evolution of the yrast
and yrare bands reasonably well. A detailed examination of the dynamic mo-
ment of inertia, J2 and the reduced electric quadrupole transition probabilities
reveals a gradual loss of collectivity with increasing spin for the yrast band,
consistent with experimental observations. The present study provides a micro-
scopic understanding of the structural evolution and decreasing collectivity in
this nucleus.

1 Introduction

In atomic nuclei, angular momentum arises from both single-particle excitations and collec-
tive rotation. Depending on the nuclear mass, and deformation, the lowest-energy configu-
rations at a given spin may be dominated either by collective rotational motion or by single-
particle degrees of freedom in different nuclear regions (Z, N). Understanding this interplay
is an important area of study, as it provides valuable insight into the underlying correlations
of the nuclear many-body system [1].

Nuclei in the vicinity of A ∼ 110 region display a variety of collective rotational structures
coexisting and competing with single-particle excitations along the angular momentum range.
The rotational bands in this mass region arise from proton particle-hole excitations across
the Z=50 shell gap [2–5]. It has been observed with increasing rotational frequencies, the
valence nucleons in these nuclei progressively align their angular-momentum vectors with the
rotational axis, which leads to a decrease in dynamic moment of inertia with spin commonly
termed as smooth band termination. The observed decrease in the J2, associated with band
termination, is a clear signature of the diminishing collective nature of the nuclear motion
with increasing spin in this mass region.
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Collective structures in the Sn–Sb–Te mass region have been studied and a coexistence
of single-particle states with collective structures has been identified [6]. In the Z=51 Sb iso-
topes, collective bands are commonly interpreted as arising from a g9/2 proton hole coupled
either to two-quasiparticle configurations or to 2p–2h excitations of the Sn core. Conse-
quently, the lighter Sb nuclei exhibit a variety of medium-spin structures dominated by h11/2
particle and g9/2 hole configurations [7, 8]. Transfer-reaction studies on light Sb isotopes
suggest that the lowest-lying states are largely single-particle in nature, while certain low-
spin positive-parity states exhibit weaker collectivity and are often interpreted as arising from
coupling to low-lying core excitations of the Sn nucleus [9]. While such observations clearly
establish a distinction between single-particle and collective structures for the positive-parity
states, particularly with increasing spin, the corresponding evolution of the negative-parity
states in odd-mass Sb nuclei have not been investigated with comparable clarity.

As one moves towards the lighter end of the Sb isotopic chain, 109Sb emerges as a par-
ticularly interesting case for examining the evolution of collectivity with increasing spin.
Several experimental investigations have revealed compelling evidence for a gradual loss of
collectivity with increasing rotational frequency. Intruder rotational bands have been traced
to very high frequencies, with five decoupled bands. The J2 values for four of these bands is
seen to decrease to unusually low values at higher frequencies, indicating a pronounced re-
duction of collective rotational motion [10]. Complementary, lifetime measurements for the
terminating band in 109Sb further support this interpretation by demonstrating a systematic
decrease in B(E2) transition strengths with spin, providing direct evidence for the weakening
of collectivity towards band termination [11]. The coexistence of different states, the onset of
band termination, and the pronounced structural sensitivity makes this isotope an ideal test-
ing ground for microscopic models. Motivated by the absence of a comprehensive theoretical
description of its structural evolution, we investigate 109Sb using the framework of Triaxial
Projected Shell Model (TPSM) [12].

The article is structured as follows: the theoretical framework is introduced in the next
section, the results obtained from the calculations are discussed subsequently, and the main
conclusions are presented in the last section.

2 Theoretical Framework

The theoretical framework employed in the current study is the TPSM, a microscopic method
that extends the conventional shell-model description by incorporating nuclear deformation
in a self-consistent manner. The single-particle basis is obtained from a triaxial Nilsson
mean-field by adopting optimum quadrupole deformation parameters, ε and ε′. While the
formalism allows for arbitrary choices of deformation, the use of optimal values appropriate
to the nucleus under study ensures a reliable description of the Fermi surface. This, in turn,
permits a truncated yet sufficient configuration space focused on states near the Fermi level.
The theoretical framework has been extensively discussed in previous publications [12–16].
Therefore, only a concise outline of the formalism and the key equations employed in the
present calculations is provided here.

The intrinsic states generated in a deformed basis lack good angular momentum due to
the broken rotational symmetry. This symmetry is restored by applying the three-dimensional
angular-momentum projection operator, expressed as

P̂I
MK =

2I + 1
8π2

∫
dΩDI

MK(Ω) R̂(Ω), (1)

In the current work, the projected basis is comprised of one-proton and one-proton plus
two-neutron configurations, i.e.,
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{P̂I
MK a†p1

|Φ〉 , PI
MK a†p1

a†n1
a†n2
|Φ〉}, (2)

The Hamiltonian used in this formalism is given below:

Ĥ = Ĥ0 −
1
2
χ
∑
µ

Q̂†µQ̂µ −GMP̂†P̂ −GQ

∑
µ

P̂†µP̂µ. (3)

where, Ĥ0 represents the spherical harmonic-oscillator single particle hamiltonian. The
diagonalization of Hamiltonian using the projected basis is done in the final step of the cal-
culation.

The GM in the equation 3 represents the monopole pairing strength given by:

GM = (G1 ∓G2
N − Z

A
)

1
A

(MeV), (4)

where the negative or positive sign is applied to neutrons or protons respectively. G1 and G2
are chosen to account for measured mass discrepancies and hence depend on the mass region
under consideration. In the current calculations the values G1 = 20.70 and G2 = 12.12 are
employed. The adopted value of GM is well suited to the chosen single-particle model space,
which includes three major shells for each type of nucleon. For the present calculations N =
3,4,5 have been used for both protons and neutrons.

In addition, the TPSM framework incorporates two essential deformation parameters, ε
and ε′, which describe the axial and non-axial components of the nuclear shape, respectively.
In the current analysis, the values ε = 0.250 and ε′ = 0.108 are adopted. The presence of
prolate deformation in this isotope has been already discussed in the literature, for example
in the works of Ishii et al. [17] and Wadsworth et al. [11]. The value of ε′ is chosen such that
the bandhead of yrare band is reproduced [18].

3 Results and Discussion

3.1 Band Diagrams

The projected energies obtained from the one-quasiparticle (1-qp) and three-quasiparticle
(3-qp) configurations, calculated using the deformation parameters specified in Sec. 2, are
shown in Fig. 1 for 109Sb. Such plots are referred to as band diagrams in the projected shell
model (PSM) framework [19]. Band diagrams display the angular-momentum projected en-
ergies of intrinsic configurations prior to configuration mixing and are particularly useful for
identifying band crossings and associated structural changes in the calculated spectra. These
diagrams are quite significant as they provide direct insight into the underlying structure of
the yrast states.

In this figure, we have depicted four bands in total, two of these are 1-qp bands with
quasiparticle energies 1.435 MeV and 2.435 MeV respectively and the other two are 3-qp
bands with energies 5.198 MeV and 4.610 MeV respectively. In TPSM, the use of a triaxial
basis implies that the intrinsic states are not characterized by a definite K. Consequently,
each configuration appearing in Eq. 2 contains contributions from multiple K components.
The band structures displayed in the band diagrams are generated by selecting a particular
K value through the angular-momentum projection procedure. In this particular calculation,
1-qp bands are based on K = 3/2, 7/2 and 11/2 configurations whereas the 3-qp bands are
based on K = 1/2, 5/2 and 9/2 configurations respectively.
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Figure 1. Band diagram for 109Sb using TPSM. The legends in the figure are of the form (K, Str, Eqp)
where K denotes the K quantum number, Str. depicts the structure of the band i.e., 1QP which indicates
1π configuartion here or 3QP which indicates 1π2ν configuration and Eqp denotes the quasiparticle
energy.

The structure of the yrast band can be interpreted from Fig. 1. At lower spins, the yrast
band is comprised by 1-qp band with K=3/2 and a quasiparticle energy of 2.354 MeV. The
energies of the 3-qp bands decrease gradually as spin increases, and at around I = 33/2−, a
3-qp band with quasiparticle energy 5.198 MeV and K=1/2 crosses the 1-qp band and sub-
sequently becomes yrast. At higher spins another 3-qp band competes with the previously
lowest 3-qp band to form the yrast. This clearly indicates a crossing between the 1-qp and
3-qp configurations. Such a crossing can be attributed to the breaking of a neutron pair with
increasing angular momentum, leading to a change in the underlying quasiparticle configu-
ration.

3.2 Projected Energies

To investigate the microscopic origin of the yrast and yrare bands, angular-momentum pro-
jection is performed on the intrinsic quasiparticle configurations as discussed in section 2.
The projected energies, obtained after diagonalization of the Hamiltonian and configuration
mixing are evaluated as a function of spin.

Experimentally, the first study reporting the negative-parity yrast band in 109Sb was car-
ried out by Janzen and collaborators [20]. In that work, three rotational bands were identified.
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Figure 2. Comparison of TPSM yrast energies with experimental yrast energies [10] for 109Sb.

The yrast band was interpreted as arising from a proton occupying the h11/2 orbital coupled
to a deformed 108Sn core with a quadrupole deformation of β = 0.2. Subsequently, additional
bands in 109Sb were investigated by Schnare et al. [10], where smooth band termination was
noticed in many intruder configurations.

Figure 2 presents a comparison between the calculated yrast-band energies for 109Sb and
the available experimental data. The left panel corresponds to the α = -1/2 signature, while
the right panel shows the α = +1/2 signature. Overall, the theoretical results show good agree-
ment with the experimental data. However, a closer inspection reveals that for low to medium
spins, up to I = 39/2−, the agreement is relatively poorer compared to that at higher spins. The
precise reason behind this must be the proximity of 109Sb to the closed-shell configuration,
where the low-lying states are expected to retain a more pronounced spherical character. If
this is indeed the case, it suggests the possible coexistence of single-particle and collective
structures in this isotope. To examine this possibility, we have performed TPSM calcula-
tions for the low-lying states of 109Sb using a significantly reduced deformation parameter, ε
= 0.093, and compared the resulting energies with the corresponding experimental data, as
shown in Fig. 3. A pronounced difference is observed between the energies obtained using
the low deformation and those calculated with the optimum deformation. Notably, the results
obtained with the smaller deformation reproduce the experimental low-spin energies more
accurately, supporting the interpretation of a predominantly spherical or weakly deformed
character for the low-lying states. A shell-model study of the low-lying states in 109Sb has
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Figure 3. Comparison of TPSM yrast energies obtained using low and optimum deformation parame-
ters with experimental energies [10] for 109Sb.

also been reported, which supports our interpretation of a weakly deformed character at low
spins, although that work was limited to positive-parity states. Furthermore, The TPSM re-
sults for the yrare bands show excellent consistency with the experimental energies over the
full spin range, as shown in Fig. 4.

3.3 Decreasing Collectivity in 109Sb

At high angular momentum, rotational bands in nuclei often exhibit a gradual loss of collec-
tivity as the spin vectors of the valence quasiparticles align along the rotational axis. This
phenomenon, commonly referred to as decreasing collectivity, is a characteristic feature of
smoothly terminating bands and has been reported extensively in nuclei with mass numbers
around A ∼ 110. In order to investigate the evolution of collectivity in 109Sb, we examine
two key observables that are particularly responsive to any changes in nuclear structure at
high spin: J2, the dynamic moment of inertia, and B(E2), the reduced electric quadrupole
transition probabilities. Together, these quantities provide complementary information on the
rotational response and the degree of quadrupole collectivity as the band approaches termi-
nation.
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Figure 4. Comparison of TPSM yrare energies with experimental yrare energies [10] for 109Sb.

3.3.1 Dynamic Moment of Inertia

One of the most important quantities characterizing a nuclear rotational band is the moment
of inertia. The dynamic moment of inertia plays a crucial role in the analysis of high-spin
rotational bands, as analyzing its behaviour is quite helpful to track any changes in the un-
derlying nuclear structure. The dynamic moment of inertia is obtained from the slope of the
angular momentum as a function of rotational frequency, J2 = dI/dω, and this quantity pro-
vides a direct measure of the incremental response of the nucleus to rotation. As a result, J2 is
an effective probe of alignment processes, band crossings, and the gradual loss of collectivity
at high rotational frequencies.

Experimentally, the yrast intruder band in 109Sb exhibits a pronounced decrease in the J2

as rotational frequency increases. In the pioneering work of Janzen et al. [20], the extracted
J2 values were found to decrease smoothly with increasing frequency, eventually attaining
unusually low values. Subsequent high-spin measurements by Schnare et al. [10] confirmed
this behaviour and demonstrated that the gradual reduction of J2 persists up to the highest
observed spins, with no abrupt band crossings at high frequency . This smooth and systematic
decline of the dynamic moment of inertia provides compelling experimental evidence for the
progressive loss of collectivity in the yrast band of 109Sb.

The J2 for the yrast band of 109Sb exhibits characteristic features that reflect the underly-
ing structural evolution with spin as can bee seen in Fig. 5. At low spins, the J2 values remain
relatively small, indicating a predominantly single-particle character of the yrast states and,
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Figure 5. Comparison of TPSM and experimental J2 values [10] for yrast band of 109Sb.

consequently, a reduced degree of collectivity. With increasing angular momentum, a pro-
nounced peak in J2 is observed around I = 33/2−, which can be attributed to a band crossing
between competing quasiparticle configurations. Such a crossing leads to rapid changes in
the level spacings and is therefore strongly manifested in the dynamic moment of inertia.
Beyond this crossing region, the yrast band settles into a well-defined rotational structure;
however, as the spin increases further, J2 begins to decrease smoothly. This gradual reduc-
tion at higher spins reflects loss of quadrupole collectivity, signaling the onset of smooth band
termination. The overall behavior of J2, including its mid-spin rise due to band crossing, and
high-spin decline, is consistently reproduced by the TPSM calculations.

3.3.2 Reduced Transition Probability

The reduced electric quadrupole transition probabilities B(E2) provide a direct measure of
quadrupole collectivity in rotational bands. Their evolution with spin is particularly sensi-
tive to changes in nuclear deformation and the gradual loss of collectivity at high angular
momentum.

The behavior of the B(E2) values along the yrast band of 109Sb offers a clear picture
of how collectivity evolves with spin as can be seen in Fig. 6. At low spins, the B(E2)
strengths are increasing with spin depicting a structural evolution from single-particle motion
towards weak collectivity. As the spin increases, the B(E2) values rise and reach moderate
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Figure 6. Comparison of TPSM and experimental BE(2) values [11] for yrast band of 109Sb.

strengths, suggesting the development of collective rotational motion. A noticeable dip in the
B(E2) values is observed, which signals a structural change associated with a band crossing
in this spin region. Beyond this crossing, the B(E2) strengths recover briefly before begin-
ning to decrease steadily at higher spins. This subsequent reduction reflects the gradual loss
of quadrupole collectivity. A similar trend has been observed experimentally from lifetime
measurements in 109Sb [11], where the BE(2) values were found to decrease smoothly with
increasing spin, providing strong evidence for smooth band termination. The close match
between the TPSM results and the experimental data therefore reinforces the interpretation
that the high-spin yrast states in 109Sb evolve from a weakly collective regime into a non-
collective terminating structure.

4 Summary

In this work, the high-spin structure of the odd-mass nucleus 109Sb has been studied using
the TPSM. The yrast and yrare band structures were analyzed through band diagrams and
projected energies. The calculated results successfully reproduce the key features of the
experimental spectra, including the observed band crossings and the overall spin dependence
of the yrast and yrare bands.

A detailed investigation of the dynamic moment of inertia J2 shows characteristic be-
havior associated with the evolution of nuclear structure. At low spins, the relatively small
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J2 values indicate a dominant single-particle character. A pronounced enhancement of J2 at
intermediate spins is attributed to a band crossing between competing quasiparticle configu-
rations, while the smooth decrease at higher spins reflects the gradual loss of collectivity and
the onset of smooth band termination. The evolution of the reduced electric quadrupole tran-
sition probabilities B(E2) further supports this interpretation, with decreasing B(E2) strengths
at higher spins signaling a reduction in quadrupole collectivity as the terminating states are
approached.

Overall, the present TPSM analysis provides a consistent microscopic description of the
coexistence of single-particle and collective structures in 109Sb and offers a unified interpre-
tation of the experimentally observed decreasing collectivity in this nucleus.
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