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Abstract: Inevitable progress has been achieved in recent years regarding the available data on the
structure of 1°°Sn and neighboring nuclei. Updated nuclear structure data in the region is presented
using selected examples. State-of-the-art experimental techniques involving stable and radioactive
beam facilities have enabled access to those exotic nuclei. The analysis of experimental data has
established the shell structure and its evolution towards N = Z = 50 of the number of neutrons, N,
and the atomic number, Z, seniority conservation and proton-neutron interaction in the gg,, orbit,
the super-allowed Gamow-Teller decay of 10051, masses and half-lives along the rapid neutron-
capture process (r-process) path and super-allowed « decay beyond '%°Sn. The status of theoretical
approaches in shell model and mean-field investigations are discussed and their predictive power
assessed. The calculated systematics of high-spin states for N = 50 isotopes including the 5~ state
and N = Z nuclei in the g/, orbit is presented for the first time.
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1. Introduction and Ground-State Properties

The N = Z = 50 nucleus '?Sn, with N being the number of neutrons and Z being the
atomic number, is the heaviest self-conjugate and doubly-magic nucleus that remains stable
with respect to heavy-particle emission and thus provides an excellent opportunity for
shell-model studies. In particular, its unique placement in the chart of nuclei makes it and
its neighbors the most suitable to investigate neutron—proton correlations based on the
coupling of single particle states with respect to a doubly-magic-core. However, in view of
these advantages, the progress on the relevant experimental information in this region is
moderate in spite of enormous efforts of physicists around the globe.

It directly relates to the accessibility of these nuclei in any known production reaction
and therefore also to technical accelerator developments. Recent related technical devel-
opments have a large impact on this field. The history of the approaches to investigate
1005n was addressed in the latest review [1] where the experimental and theoretical status
of the region was summarized until 2013. The purpose of this work is to report on recent
developments in this region relevant for the understanding of the nuclear force.

The 1%°Sn ground state is expected to be bound by about 3 MeV with respect to proton
emission [2], which makes its yrast states accessible to y-ray spectroscopy. The proton
dripline was recently predicted [3] to be at N = 47 for the element of tin. The first ab initio
prediction for the charge radius and density distribution of 19°Sn was attempted in Ref. [4].
The latest example of experimental developments to study nuclear size in this region
is given in Ref. [5]. In-gas-cell laser ionization spectroscopy and extraction of magnetic
moments and mean-square charge radii of light Ag isotopes was presented in Ref. [6].

The strength of the Super Gamow-Teller transition [7], B(GT) from the ground state
of 19%8n, which could yield the largest value observed within the electron capture (EC)
decay energy, Qpc, window in the whole chart of nuclei, was originally predicted in
Ref. [8]. It was measured for the first time by Hinke et al. [9]. Significant progress was
obtained since then as the experimental value was revisited recently [10] and discussed
theoretically in [11-14]. The two experimental B(GT) values, originating from beta decay
process, differ significantly.
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This is mainly caused by the greatest deficiency of the beta-decay spectroscopy mea-
surements that is the determination of Qgc, i.e., Qp, which is needed for extraction of
B(GT) value. The reason for that is a strong dependence of phase-space factor f on the decay
energy. This calls for a high-precision mass measurement of 1°Sn. Indeed, also here the
progress is significant. Mass measurements in the region were recently extended [15,16],
suggesting that the Qrc of Ref. [9] to be more consistent with those new results. The mass
of 1%5n itself is likely within reach very soon.

The first possible excited yrast states in 1°°Sn are particle-hole excitations of the closed
core. No excited states of '°°Sn were reported thus far, as shown in Figure 1. To address
directly the structure of 1°°Sn itself, an extended work has been invested into calculations
of both a-cluster formation and decay probabilities in ideal heavy a emitters %Te and the
212pg for a direct comparison [16]. In this microscopic calculation of a-cluster formation
with an improved treatment of shell structure for the core nucleus, it was found out that
the effective potential is sensitive to the contributing single-particle wave functions.
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Figure 1. Present status of experimental information on the ground-state lifetime and excited states
in the 1°°Sn region. Nuclei with only the ground-state lifetime known and no excited states reported
are indicated with a small yellow square. The nuclei to the left of them were only produced in an
experiment. The blue-shaded chains of nuclei highlight the main focus of this review.

Striking shell effects on the a-cluster formation probabilities are shown for magic
numbers 50, 82 and 126 by using the same nucleon-nucleon interaction. An enhanced
a-cluster formation probability was shown for both %Te and 2!?Po as compared with
their neighbors. In Ref. [17], a particular enhancement in the 1°°Sn region was suggested
with respect to that in 2°®Pb. The analysis of the statistical significance of the neutron skin
thickness to the symmetry energy in '>2Sn and comparison to proton skin in 1?°Sn was
performed by Muir et al. [18]. As in the first case, a clear correlation was observed for
neutron skin, in the later no correlation could be deduced for 1%°Sn.

The nuclear structure of hole states in the region “southwest” of the shell closure
at 1%n close to the N = Z line is dominated by the g9/, intruder orbital from the N =4
harmonic oscillator (HO) shell. This is well separated from the N = 3, pf orbitals, both ener-
getically and by parity, allowing only 2p-2h excitations into the intruder orbital space. Domi-
nated by the strong proton-neutron interaction, the 0g9/, orbit gives rise to unique structural
features [1] such as spin-gaps, seniority [19-21] and parity-changing isomerism [22] in
addition to proton-neutron pairing correlations [23] and seniority-induced symmetries [24].
Moreover, when moving below Z = 45, deformation and shape coexistence of spherical and



Physics 2022, 4

366

deformed shapes start to appear. Therefore, the region “southwest” of 1°°Sn has become
and remains, the subject of ever-increasing efforts both in experiments and theory.

The N = Z nuclei provide the best quantum laboratory to investigate the characteristics
of the neutron-proton (np) interaction, isospin symmetry and mixing, in addition to evolu-
tion of nuclear shapes. The N ~ Z nuclei up to the A = 60 mass region have been intensively
investigated during the past twenty years in various laboratories around the world. Here,
the nuclei have been experimentally accessible as they are located only few neutrons away
from their stable isotopes. From the nuclear theory perspective, especially regarding the
nuclear shell model, the N ~ Z nuclei between the A = 40-60 mass region have been an
ideal subject to study since the valence nucleons occupy primarily the f7,, orbital making
the calculations feasible due to the small valence space.

Currently, experimental ground-state decay and nuclear structure data, such as the
level schemes and lifetimes of excited states for the N ~ Z nuclei around the A = 60-90 mass
region, are relatively scarce. This is due to the fact that these nuclei are located further away
from the line of stability, near the proton-drip line. The production cross sections of these
systems in nuclear reactions are very low (tens of nb to few ub). The missing experimental
data from this region is naturally required in order to scrutinize and develop theoretical
models operating in larger model spaces. However, radioactive ion beams (RIB) in this
region are becoming gradually available for experiments, which can be utilized in various
ways to search for new physics around the N = Z line.

The evolution of nuclear shell structure in the vicinity of doubly-magic nuclei is of
major importance in nuclear physics. The Sn isotopes provide a unique testing ground in
this respect. The Sn isotopes represent the longest chain of semi-magic nuclei in nature,
which makes them attractive for systematic investigations. How the shell structure evolves
as a function of the number of protons and neutrons can be related to collective as well
to single-particle effects. Unique correlation effects may be manifested at a self-conjugate
shell-closure as the same spin-orbit partners for neutrons and protons reside just above and
below the shell gap.

A sensitive probe for correlations of this kind is to measure transition probabilities
for certain selected states. With this approach the results of large-scale shell-model (LSSM)
calculations based on microscopically-derived interactions can be tested through direct
comparison with experiment. The study of simple nuclear systems, with only a few
nucleons outside a closed core, can thus provide insight into the underlying nucleon-
nucleon interaction as applied to finite nuclei.

This paper summarizes briefly the new results on the structure of excited states of
nuclei in 1%°Sn region and is organized as follows. After the general introduction including
ground-state properties, the most successful experimental methods to obtain knowledge
on excited states in nuclei in the region are elaborated in Section 2. Theoretical approaches
are summarized briefly in Section 3.

The focus on new results of the shell-model calculations and their comparison to
the recent experimental data is put in Section 4 for three sub regions describing certain
symmetries shaded in blue in Figure 1. The N = 50 isotones are addressed in Section 4.1.1.
The progress on N = Z nuclear chain just below '%°Sn is described in Section 4.1.2. The
recent results on light Sn isotopes and selected nuclei with N > 50 below Sn are presented
in Section 4.2. The choice of presented data from recent experimental and theoretical results
is based on the author’s subjective taste.

2. Experimental Methods

Although a comprehensive summary of the experimental status in the 1°°Sn region
was reported in 2013 [1], the struggle to discover new aspects of structure of those nuclei
continued. To assure progress in this very difficult to reach nuclear region, an enormous
effort is devoted to the experimental techniques. Several aspects are crucial among the
developments. The prerequisite is the availability of accelerators with beam parameters,
i.e., energy and intensity etc., optimal for a given experimental apparatus.
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Two types of experiments are distinguished with the highest impact on the progress
obtained: low-energy facilities providing higher beam intensities for fusion and multi-
nucleon transfer reactions and high energy facilities for fragmentation and spallation
reactions producing radioactive beams, so called in-flight and isotope separation on-line
(ISOL) facilities. While in earlier times the majority of experimental information was
delivered from fusion-evaporation reactions at the low-energy facilities, recent years have
shown the significance of the later ones.

2.1. Low Energy Facilities

Highly-intense beams of stable isotopes are available at several facilities such as
GANIL (Large Heavy Ion National Accelerator, Caen, France) [25], Jyvdskyld Univer-
sity [26], Argonne National Laboratory (ANL) [27] and INFN (National Institute for Nuclear
Physics, Italy) Legnaro [28], to name only a few. These low-energy accelerators serving
fusion-evaporation or multi-nucleon-transfer reactions newly-applied also in the 1%°Sn
region [29], play a very important role when combined with highly-efficient detectors.

Such a combination was recently available at GANIL [25] with AGATA [30,31] and
ancillary detectors as e.g., DIAMANT [32,33] and NEDA [34,35], which make the exit
channel identification possible. Alternatively, a recoil spectrometer such as VAMOS [36-38],
MARA [39], or the FMA [40] may serve for residue identification. A clear advantage of this
method is prompt spectroscopy at the reaction target tagged with identified recoils or a
decay particle (e.g. v, B, «).

Often, population of high-spin states, in particular in fusion-evaporation reactions,
is considered advantageous. However, in the 1°°Sn region the most exotic nuclei that
can be investigated are produced in 2-neutron (27) or more and 2na exit channels [41].
Those residues are produced with the highest cross section at relatively low energies
above the Coulomb barrier keeping the total reaction cross section low in order to avoid
misidentification due to contaminants. At those lower energies, the reached spin values
and residue excitation energy are reduced.

Impressive experiments of this type were performed in the last years leading to
important discoveries, e.g., the delayed rotational alignment in a deformed N = Z%Ru [42].
Another way for the production of very neutron deficient Sn isotopes is alpha decay tagging
measurements of the Te isotopes. The two leading groups at ANL with FMA [43,44] and
at Oak Ridge National Laboratory (ORNL) [45,46] have been hunting for superallowed
a-decay signatures for the last 15 years. The burning question—whether it is energetically
possible to produce excited states in !°Sn in this way—remains open [47].

2.2. High-Energy Fragmentation and ISOL Facilities

When the beam energy reaches the range suitable for fragmentation reactions, in-flight
separation and identification of reaction products can be achieved. The lower beam in-
tensities at high energies and lowered production cross sections are then compensated
by the possibility of using thicker targets and higher efficiency of tracking and identifi-
cation detectors. Unprecedented primary-beam intensities at relativistic energies have
become available at the Radioactive Isotope Beam Factory (RIBF) at the RIKEN Nishina
Center (Japan).

The reaction products are identified in the BigRIPS fragment separator [48] accompa-
nied by an efficient y-ray array, e.g., EURICA [49] (see Figure 2) consisting of EUROBALL
cluster detectors for high-energy resolution or DALI2+ spectrometer [50] for low-resolution
spectroscopy. Experiments of this type marked a new chapter in the available data in the
1008n region including the discovery of new isotopes and proton emitters [51]. An impor-
tant add-on was the new measurement of the B(GT) value for 1°°Sn B-decay measurement
made with sufficient accuracy so that the interpretation allowed for distinguishing between
different models used [10].

The existing data can be used for B(GT) re-determination once the mass measure-
ment of 19°Sn is available. Extensive data on lifetimes of 8 decay and B-delayed proton
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emission, as well as beta-delayed spectroscopy was published in Refs. [52,53]. Large
progress on excited states in the region was obtained including gamma-gamma coinci-
dence data for the 1%In nucleus [10], identification of excited states in °Cd [22,54] and
others [55,56] based on isomer spectroscopy are mentioned in Section 4.1. The disad-
vantage of this method is that it does not allow for prompt gamma-ray spectroscopy at
the (primary) target.

Figure 2. EURICA array consisting of 12 cluster detectors of EUROBALL at RIKEN RIBF in 2012 [49].
See text for details.

Two-step fragmentation is used to study prompt radiation from Coulomb excitation or
knockout reactions with the DALI2+ spectrometer. From several experimental campaigns,
extensive and spectacular data was collected and, to large extent, published as discussed in
Section 4.2. Very recently, in 2020-2021 the HICARI (High-resolution in-beam gamma-ray
spectroscopy at RIBF) project [57] used a Ge-detector array to perform several experiments
addressing this region.

Efforts continue at NSCL (National Superconducting Cyclotron Laboratory, Michigan,
USA) to contribute to the region [58], e.g., with spectroscopy using knock-out reactions [59],
or the recent mass measurement of 8°Zr [60]. At GSI, revisited isomeric decay in 10265,
and resulting effective neutron and proton charges based on state-of-the-art shell-model
calculations were published [61], 13 years after the RISING [62] experiment.

In 2020, the GSI (Society for Heavy Ion Research, Darmstadt, Germany) facility came
back into operation again after 6 years with the Fragement Separator (FRS) [63] and DEcay
SPECtroscopy (DESPEC) [64] setup including the FATIMA [65] gamma-ray array and a
Ge-detector array to address this region of nuclei again with lifetime measurement of
intermediate states below isomers or states populated in beta decay.

To determine the excitation energy of long-lived isomeric states, a complementary
technique employing the Multi-Reflection Time-of-Flight Mass Spectrometer (MR-TOF-MS)
at the FRS Ion Catcher was recently used in this region of nuclei [15].

Alternatively, high-energy and high-intensity protons are used in spallation reaction
and the radioactive beam is stored and separated in an ion source. Laser-ionized secondary
beams are accelerated to fusion energies to impinge on a secondary target surrounded
by a y-ray array. The enormous success of this method was demonstrated at CERN (the
European Organization for Nuclear Research) REX-ISOLDE [66] and continued with the
HIE-ISOLDE project [67] where secondary beams were used for transfer and Coulomb-
excitation measurements using the MINIBALL <-ray array [68,69]. Several experiments
were devoted to the study of neutron-deficient tin via transfer and Coulomb excitation
measurements [70-74].
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A similar principle was recently also applied at NSCL in [75] using the JANUS
setup [76].

3. Theoretical Approaches

Similarly, theory activities in the 1°°Sn region did not lose momentum in the years
since the last review [1]. Indeed, several approaches ([61,77-84]) could enlarge the treated
configuration space (truncation level) and/or go to new regions of the nuclidic chart for
The LSSM calculations, which helped to explain certain phenomena not clarified before
and suggested experiments for future studies. These calculations use mostly realistic
interactions derived from a nucleon-nucleon potential with various treatments to obtain
two-body matrix elements and single-particle energies as described for example in [1,83]
and references therein.

On the other hand, the comparison of those advanced calculation results to the ones
with a smaller model space and empirical interactions, which are doable in the scope of this
review work, can shed light on certain basic principles, which were not treated yet with
large codes and computer power. For this purpose, the empirical GF [85] and SLGT [86]
interactions in the py,»89/» model space is used here, with single-particle level energies
adjusted as given in [1], to guide the basic understanding of the underlying structure.

In the scope of this work, JUN45 interaction [78] results in the 7tv(f5,2,p3/2,91/2/89/2)
(or r3g) model space for high spin states are also presented in Section 4 for several N = 50
isotones and N = Z nuclei of the g9 /> shell. The shell-model code NuShellX [87] was used for
these computations. The MHJM interaction in the mtp; /2892 Vd5/287/2d3/251 /211172 model
space originating from [88] was successfully used in the literature to describe the structure
of nuclei with Z < 50 and N > 50 [89], see e.g., [1,53,90,91]. The LSSM calculations in the
e.g., [61,92,93] with the SDG interaction [22] for the 7tv(g9,2,d5/2,87/2,51/2,43/2) model space
(further referred as gds) are described in more detaill below.

Recently, new approaches were proposed in this region of nuclei promising fur-
ther success. The role of 3-body residual interactions in nuclear chains in a single
j-shell is discussed within the shell model [94]. Beyond the standard shell-model
approach, the 3-body interaction was considered in calculations of the energies of
excited states in N = 50 isotones [95], which caused a significant improvement in re-
producing experimental values. Furthermore, nuclear flied theory group investigated
Sn isotopic chain using particle-vibration coupling [96]. The quadrupole-vibrational
excitations in even—even Cd isotopes was revisited by the mean-field interacting
boson model [97].

As already indicated in the introduction the ab initio methods are recently possible
for this region of nuclei. The prediction of energies of excited states of nuclei in vicinity of
100gn were very recently presented based on the particle-hole effective interaction derived
from shell model couple cluster method [98].

4. Results

The results presented in this paper are narrowed to the three aspects of the structure
of 1905n with an idea of demonstrating the role of like-nucleon vs. proton-neutron coupling
in the g9/, shell (see Figure 1). First, the evolution of excited states was examined along the
N =50 line describing seniority in a g9 2™ and simple level coupling g9 ,2p1 /2. Additionally,
a JUN45 calculation and, even larger model spaces when available, are presented. Second,
the N = Z line is analyzed below °Sn where the shape change is expected along the
g9,2" orbital configuration. The recent developments in nuclear structure above N = 50 is
summarized in the last subsection.

4.1. Nuclei below 19951, A < 100
4.1.1. Even-Even N = 50 Isotones of the g9, Shell

The seniority quantum number v, which counts the number of unpaired nucleons
for protons and neutrons occupying the same shell-model orbital, is very useful when
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discussing the structure based on high-spin orbitals. Just below 100Gy, isotopes with even
Z form a long chain of a seniority isomers, which exhibit observable decays as the gg/5 is
well isolated from other high spin orbitals. A direct consequence of the short-range nature
of the nucleon-nucleon interaction is the conservation of the seniority v in any n-particle
configuration j" of like particles [99].

As the mixing of states with different seniority is expected to be small, several
symmetries are imposed [24,100] (and references therein), of which the constant
excitation energies within the shell and symmetry against the mid shell of B(E2)
values for transitions with non-changing seniority, are addressed in this Section. In
Figure 3 the experimental excitation energies for the 2*-8* levels, as well as 5~ are
shown with the differently-colored symbols for each spin value. The lowering of
the excitation energy seen for the states with even spin values is understood mostly
by the increased binding of the 0* ground-state when removing protons from %°Sn.
This effect is caused by the contribution of lower shell orbitals such as p3,, and f5,5,
becoming closer to the Fermi level.

Most of the shell-model calculations, presented for N = 50 isotones, can reproduce level
energies relatively well, with less accuracy for the 6" and 8* states. For the GF shell-model
calculation (shown with continuous lines in Figure 3), the agreement is very good (note the
expanded energy scale) in the lower shell e.g., for Mo, which is trivial as it was used to fit
the two-body matrix elements (TBME) and therefore effectively includes the contribution
of lower shells. It is also understandable that there is a trend of increased level deviation of
the g9/o" coupling towards %Sn.
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Figure 3. Systematics of the level energies in the N (number of neutrons) = 50 isotonic chain, for
even-Z (atomic number) nuclei. Experimental data shown with colored symbols are taken from [101].
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The energy of the 5~ state in ®Cd is taken from [102]. The lines shown in corresponding colors
represent theoretical level energies. Calculations were done with the NuShellX code [87] using
empirical interaction GF [85], SLGT [86] in the 7t(g9/2p1 /2) and realistic effective interaction JUN45 [78]
in the 7t(f5,2,03/2,91/2,89/2) and SDG in 7tv(g9,/2,d5/2,87/2,51/2,432) model spaces [92]. The values
of single-particle level energies were adopted from [1]. A pure 71gy,,™ configuration explains the
levels 2*-8*. The 5~ states are obtained from the 7tp; /5 " 'g9/2™ * ! coupling. The "EXP" denotes
experimental values.

To note is that the newly-observed 5 state in *®Cd [102] completes its systematics
in those nuclei build of coupling 7p1 /2~ 1g9,,™"! and resembles the trend of increasing
deviation towards the full shell. The discrepancy of the calculated 5~ and 8" states from
the experimental values are almost identical, while their crossing is reproduced almost
perfectly at “*Ru. For the calculations using SLGT interaction (dotted lines in Figure 3),
instead, the absolute values of energies are improving with increasing Z towards *°Pd and
worsen again for %cd (except the 2* state).

The energy trend of 5~ states along the shell is not reproduced, similarly as for GF
interaction. While for the low-spin states the JUN45 [78] spectrum is compressed, the 6*
and 8" are rather well reproduced, improving further towards the end of the shell (dashed
line). The 5~ state is missed by about 200 keV, which indicates the p;/, single particle
evolution correction needed for those isotopes.

The SDG spectrum is generally contracted, caused by the inclusion of core excitations,
but it reproduces consistently the slope of the line between *°Pd and *®Cd for which the
calculation is available [92]. Moreover, the second 4" state (not shown in the figure for
clarity) is predicted only 250 keV higher than the first one, which is approximately at the
same energy as the first 6* state. In contrast, the second 6* state is predicted about 400 keV
above the first one, which is considerably higher than the 8* state [92].

More relevant for the wave functions, however, is the comparison of experimental
reduced transition probabilities, B(E2) values in N = 50 isotones with the calculated values.
In that case, all calculations including the GF calculations, presented here, can reproduce
the data rather well for the 6" and 8" states as their wave functions are mostly not affected
by other configurations; see [1,100] and references therein. The B(E2) for transition from
the 6* state in ®®Cd became recently available and the accuracy of that from 8* state was
improved [56]. The lower lying yrast states, however, caused an extended discussion in
recent years on seniority conservation and seniority mixing in the gq, orbital; see [1,100,103]
and references therein.

Particularly for the nonaligned 4* systematics in the mid shell, of which two different
seniority states are predicted in close vicinity, evidence is discussed [100] for seniority
breakdown due to neutron excitations across the N = 50 shell gap. There, the clear ad-
vantage of LSSM calculation with core excitations included is evident. An extension of
the experimental data to lower Z for N = 50 isotones will be soon available [104,105] and
therefore the discussion on this topic is not extended in this work.

4.1.2. N = Z Chain from 1095n to 89Zr

The region of the heaviest and bound N = Z nuclei is below 1°°Sn. This fact makes
it particularly attractive for studies of proton-neutron correlations and their dependance
on the spin of the nucleus. Already decades ago theoretical calculations predicted the
existence of I™" = 16* and I™* = 25/2* high-spin isomers in **%Cd, respectively. Only much
later, technical advances allowed the confirmation of these isomers experimentally [22,106].

Early shell-model studies employing empirical interactions in the 7tv(p; /2, g9,2) model
space were reviewed in Ref. [1]. Realistic interactions with LSSM calculations were pre-
sented for the full mv(fs5/2,p3/2,01/2,89/2) model space [78,79,107-109] as well as for the
upper 1tv(gds) shell using the SDG interaction [110]. The strength of the 7rv interaction in
the 7tvgg/, orbits manifests itself best in the strongly-binding T = 0, I"" = 9* TBME, which is
comparable in strength with the “normal”, T = 1 pairing mode [85,86]. With the identifica-
tion of excited states in *2Pd [23], the role of the 7tvgg /, pairs with maximum spin of I™* = 9*
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in the N = Z nuclei *°Cd, *Ag and ?>Pd has been investigated in a series of multi-step shell
model and IBM studies with respect to the “fully aligned” 9 -TBME [24,111-114].

The experimental yrast states for the even—even N = Z nuclei in the g9/, shell are shown
with colored symbols in Figure 4. For the lower mass N = Z even—even nuclei the level
structure implies an onset of deformation. The spectrum of 88Ru [42] exhibits a rotational
band similar to the known states of 3#Mo [115]. This could intuitively understood, similarly
to the N = 50 chain, as even stronger influence by the lower shell fp-shell therefore driving
deformation. However, recent developments in the calculation power could disprove this
hypothesis, as shown below.
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Figure 4. Excitation energies of the even—even N = Z nuclei in the g9/, shell with A (atomic mass
number) = 84-96 for spins I = 2*-16*. The spins of excited states in all isotopes are assigned
tentatively [101]. Experimental energies are given with colored symbols distinguished by their
spin values. Shell-model calculations are shown with solid lines with different colors for each spin
for the GF [85] calculation, dashed line for the JUN45 calculation [78,107] and present work for
the higher-spin states and colored and short dashed-dotted colored lines for SDG [110] calculation
for %°Cd.
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Various shell-model approaches in different model spaces have been reported for this
region. The calculation presented with solid colored lines is GF [85], which includes all
yrast spins states up to the 16" for all the N = Z nuclei in gg/, shell nuclei and in particular
an isomeric trap, known to exist experimentally in **Cd [110]. Calculation using JUN45
interactions [78] are shown with dashed lines whenever possible for the computer power
available within this work or in the literature [78,107].

The LSSM SDG [22] approach with up to 5p5h excitations (t = 5) across the Z, N = 50
closed shell are available only for ®Cd up to high spins and is shown with short, colored
dashed-dotted lines. A consistent description for all the calculations is obtained in the
upper g9 /2 shell, as shown for *°Cd. However, towards the mid shell, the N = Z results
are hampered by severe truncation. The advantage of including a larger model space,
particularly the lower-lying orbitals, is evident. Nevertheless, with increasing spin the
lower-shell nuclei follow very different trend than the predicted one.

According to the GF calculation presented in Figure 4, the spin trap at I = 16" in #Mo
will stay yrast even if the spherical 0* state in the small model space of GF calculation is
shifted by ~2 MeV up in energy with respect to the known deformed ground state and the
rotational band member energies extrapolated with a constant moment of inertia to higher
spins [115].

However, a common conclusion of various shell model approaches with Z > 40, N = Z
nuclei is the quest to include excitations across the Z, N = 50 shell closure [79,116-119] in
order to attempt the description of the deformation. #Mo marks the transitional region
where the shape-driving role of the r3g space is replaced/enhanced by the gds space [79].
The spectra of “°Cd is a benchmark for both model spaces and yield similar results. In addi-
tion, the 8¥Mo spectrum was calculated with the help of the nucleon-pair approximation
method [120], which also could be expanded to higher spins and other N = Z nuclei in the
89,2 shell in the future.

Recently, a new approach was proposed in the mean field [95], where within a simple
SO(8) pairing model, it was shown that the symmetry-projected condensates of mixed
isovector and isoscalar pairs very accurately describe properties of the exact solutions, in-
cluding the coexistence of the isovector and isoscalar pairing. Lack of symmetry restoration
thus explains the limited success in describing such a coexistence in the standard mean-field
approaches to date. It was concluded that the future work investigating properties of the
proton-neutron nuclear pairing can be carried out within the variation-after-projection
approach to mean-field pairing methods.

4.2. Nuclei with N > 50

The Sn isotopes represent the longest chain of semi-magic nuclei, which makes them
attractive for studies of shell-structure evolution as a function of the number of neutrons
and how it can be related to collective as well to single-particle effects. The known, almost
constant excitation energy of the first 2* state in the Sn isotopic chain has been a textbook
example of the seniority scheme for a long time.

A sensitive probe for correlations of this kind is to measure transition probabilities for
first excited selected states, which will manifest the configuration content of those states.
With this approach the results of LSSM calculations based on microscopically-derived
interactions can be tested through direct comparison with experiment. This approached
was recognized with the availability of radioactive beams, and new measurements or new
theory values have been seen frequently in recent years. A recent update on 6* states in
Sn isotopes is reported in [61] for the 6* state lifetime and effective charge analysis. The
energy of the second 2* state in 1°2Sn was recently claimed in Ref. [121].
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However, the main focus in the studies of Sn isotopes is on the first 2" states since the
first measurement of radioactive isotopes 16 years ago [122], and the last ones being the
theoretical study of Togashi et al. [77] and experimental study of Siciliano et al. [29]. The
study of Togashi et al., represents the first approach in which it is possible to reproduce
remarkably well the whole Sn chain (shown in Figure 2 of [77]) in same calculation.

The method used for this unified description of the detailed nuclear structure is Monte
Carlo Shell Model including isospin conserving interaction calculation of the gds HO shell
as well as the lower part of the neighboring HO shells [77] (and reference therein). An
alternative calculation with a small modification is shown by the authors as to give an
Ansatz to the experimentalists for a more precise experimental answer to the values in
the mid-shell.

Within the generalized seniority scheme this mid-shell valley would be interpreted
as changing single-particle orbitals filled along the Sn chain (see also [123]). In Figure 3
of [77] the authors describe the complex wave functions including core excitation (and
deformation) for the 2* as well as the 4* states in Sn isotopes towards the mid shell modified
by the quadrupole component of the proton-neutron interaction, which was first postulated
in [124] by the LSSM analysis for the 2* states. The quadrupole collectivity was also
predicted in Ref. [12].

The results, presented in Figure 3 by Siciliano et al. [29], show an overview of ex-
perimental knowledge on B(E2:2*—0%) for the full Sn isotopic chain based on intense
efforts of many laboratories and experimental groups. References [122,124-144] represent a
complete up-to-date list. The usage of general Doppler methods, such as the Doppler shift
attenuation (DSAM) and the recoil distance Doppler shift methods (RDDS) to measure the
lifetimes and to extract the B(E2) values, were hampered until recently by the existence of
higher-lying isomeric states.

Indeed, the authors of Ref. [29] managed to overcome the problem by using multi-
nucleon transfer reactions and adjusting the excitation energy of the final product such that
the 6" isomer feeding was minimized allowing for RDDS measurements. Moreover, the
experimentalists harvested the first information on the lifetimes of 4* states, which opened
up the systematics of B(E2:4*—27) states below N = 60. This pioneering experimental
work was accompanied by LSSM calculations, which could well reproduce experimental
data using the new realistic effective interaction in the gds model space with a proper
monopole treatment.

Another calculation indicating for the first time the double-hump shape associated
to the quadrupole dominance, as shown in Ref. [77], refer to the importance of further
investigations of the 4" states, where pairing effects related to single particle energies
dominate instead. The new findings, together with the recent theory calculation [145]
request for further experimental and theoretical effort in this direction.

The systematics of the reduced transition probabilities, the B(E2:2*—0%) values, is
expected to be completed soon with the inclusion of the 192Sn value [146]. The review dedi-
cated to nuclear collectivity is in preparation [147], where updated figure will be presented.

Alternatively, the collective properties of °°Sn can be approached again by studying
nuclei with slightly lower Z. Several dedicated attempts for such experiments were un-
dertaken at ISOLDE and NSCL. In particular, light Cd isotopes were addressed already
in earlier days and Coulomb excitation transition probabilities and quadrupole moments
were extracted up to 102Cq [70]. The latest update on this can be found in [148], where
B(E2:4*—2%) values were also measured, and the accompanying theory work, which
attempted to explain particular conditions for collectivity in light Cd isotopes [70].
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The beyond-mean-field calculations, presented in Ref. [148], reproduce the cadmium
systematics, but also predict rotational structures for all of the Z = 48 isotopes, breaking
the common view of the textbook example of vibrational nuclei. In addition, there (and
in Ref. [85] therein), Z = 48 isotopes are predicted to be semi-magic deformed nuclei. The
lightest Cd isotope for which B(E2:2*—0") value measurement was attempted thus far is
100¢d [70].

5. Summary and Outlook

Recent years have shown a great deal of interest from experimental and theoretical
groups from all over the globe dedicated to investigations of the 1%°Sn region. This materi-
alized in many publications (referred to here and with more to come) in the last decade, as
well as active and waiting proposals and, presently, a large amount of as-yet unevaluated
data. The primary reason for the particular excitement is the relevance of this region for
understanding the nuclear force in general and various specific aspects that can be uniquely
studied in this region of the heaviest doubly-magic N = Z nucleus.

To further encourage a steady level of development and the need for new data of key
nuclei and particular states, two examples are mentioned here. The first one is the search for
excited states in 1°°Sn, which could be determined from the decay of the predicted isomeric
6* state [93] (and references therein). The second is excited states in *Sn (predictions
presented in Figure 5), a mirror nucleus of 9%Cd [149]. Those two nuclei likely constitute
the heaviest possibly bound mirror pairs of all nuclei.
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Figure 5. Predictions of the *8Sn excited states according to the available interactions. All of them
suggest an 8* isomeric state as the one known in the mirror nucleus 98Cd [149]. The JUN45 spectrum
is identical to that one of ®Cd because of the isospin symmetry of this interaction.
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