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| Abstract

This doctoral thesis presents new experimental findings on high-spin states and their theoreti-
cal implications to the region of medium-mass (50≤ Z , N ≤ 82) transitional nuclei. Detailed
experimental data on high-spin structures in A ≈ 130 nuclei are exploited to benchmark
the reliability of shell-model calculations in the area northwest of doubly-magic nucleus
132Sn. The findings are based upon the synergies between different cutting-edge nuclear
spectroscopy experiments, relying on multinucleon-transfer reactions using the high-efficient
Advanced GAmma Tracking Array (AGATA) coupled in series with the tracking magnetic
spectrometer PRISMA located at the Laboratori Nazionali di Legnaro, Italy, and precise
fusion-evaporation reactions at the HORUS spectrometer at the FN tandem accelerator of
the University of Cologne, Germany. Xe and Ba isotopes near the 50 ≤ Z , N ≤ 82 shell
closures can not be efficiently populate during fusion-evaporation experiments with rea-
sonable production yields. Weak reaction channels which evaporate charged particles like
protons require careful preconditions for a detailed spectroscopy. A new experimental setup
consisting of the HORUS array in combination with a double-sided silicon strip detector
(DSSSD) was commissioned to allow for detailed particle-gated γγ-spectroscopy. The existing
high-spin level-schemes of 137Nd, 137Ba, 136Ba, 135Ba, 134Ba, 133Ba, 133Xe, 131Xe, and 130I were
substantially extended, emphasizing the transitional character of these odd-, and even-mass
nuclei. The observation of distinct backbendings in 131Xe and 134Ba establishes an important
link in the smooth evolution from spherical to deformed shapes. The identification of new
positive- and negative-parity level structures in 136Ba and 137Ba indicates a sudden change
of the structure of high-spin states along the N = 80 and N = 81 chains, only two and one
neutrons outside the fully occupied neutron shell. Different high-spin members of the mixed
proton-neutron πg7/2/d5/2 ⊗ νh11/2 and πh11/2 ⊗ νh11/2 configurations were identified in
doubly-odd 130I. Moreover, a millisecond pulsing system at the FN tandem accelerator was
commissioned during this thesis. The 2107-, and 2388-keV states in the 133Xe and 135Ba iso-
tones were identified as millisecond Jπ = 23/2+ isomers, closing the systematic towards the
recently investigated Jπ = 23/2+ isomer in 139Nd. In addition, a comprehensive search for
the anticipated Jπ = 23/2+ isomer in 137Ce was performed using two different experimental
approaches. A hitherto tentatively assigned isomer at 1942 keV in the N = 77 isotone 133Ba
was confirmed as a Jπ = 19/2+ isomer with a newly measured half-life of T1/2 = 66.6(20) ns.
Similarly, the half-life value of the Jπ = 19/2+ isomer at 2222 keV in 137Nd was significantly
improved with a new value of T1/2 = 0.38(7) ns. The obtained data close systematic gaps
along isotopic and isotonic chains and improve the understanding of nuclear configurations
nearby the doubly-magic 132Sn. Finally, new developments and recent theoretical advances
in shell-model calculations are available for a refined systematic comparison in A ≈ 130
nuclei. Present-day shell-model interactions like GCN50:82, Realistic SM, and PQM130 are
capable to overcome the previous limitations of shell-model calculations. The predictions of
these calculations are in good accordance with the new experimental findings and provide
access into a detailed microscopic description of high-spin features and the gradual change
of nuclear structure towards the shell closure at N = 82.
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| Zusammenfassung

Diese Dissertation umfasst neue experimentelle Ergebnisse über die Hochspin-Strukturen
und deren theoretische Implikationen für die Region von Übergangskernen mit mittlerer
Massen (50≤ Z , N ≤ 82). Detaillierte Informationen über diese Kerne werden genutzt, um
die Leistungsfähigkeit von Schalenmodellrechnungen in der Region nordwestlich des doppelt
magischen Kern 132Sn zu validieren. Die experimentellen Ergebnisse beruhen auf verschiede-
nen sich ergänzenden Datensätzen, die zum einen auf Multinukleon-transferreaktion mit dem
hochauflösenden Advanced GAmma Tracking Array (AGATA), gekoppelt mit dem Magnetspek-
trometer PRISMA am Laboratori Nazionali di Legnaro, Italien, und zum anderen auf dedizier-
ten Fusionsverdampfungsreaktionen am HORUS-Spektrometer am FN-Tandembeschleuniger
der Universität zu Köln basieren. Die Population leicht neutronenreicher Xe- und Ba-Kerne mit
Schwerionenreaktionen erfordert den Nachweis abgedampfter Teilchen, wie geladener Proto-
nen, um detaillierte γγ-Spektroskopie durchzuführen. Ein neuer Versuchsaufbau, bestehend
aus einem doppelseitig segmentierten Siliziumdetektor (DSSSD), welcher zum Nachweis
geladener Teilchen in Koinzidenz mit dem Gammaspektrometer HORUS eingesetzt wird,
wurde im Rahmen der Arbeit in Betrieb genommen. Die bestehenden Termschemata von
137Nd, 137Ba, 136Ba, 135Ba, 134Ba, 133Ba, 133Xe, 131Xe, und 130I wurden deutlich erweitert. Die
Beobachtung verschiedener Backbending-Phänomene in 131Xe und 134Ba stellt ein wichtiges
Bindeglied in der Evolution von sphärischen zu deformierten Formen dar. Die Identifizierung
neuer Strukturen in den Yrast-Bändern mit positiver und negativer Parität in 136Ba und 137Ba
weisen auf eine plötzliche Änderung der Struktur von hoch angeregten Zuständen entlang
der N = 81 und N = 80-Ketten, welche nur ein bzw. zwei Neutronen außerhalb der voll
besetzten Neutronenschale liegen, hin. Verschiedene Hochspin-Zustände mit gemischten
Protonen-Neutronen πg7/2/d5/2 ⊗ νh11/2 und πh11/2 ⊗ νh11/2 Konfigurationen wurden im
doppelt ungeraden 130I identifiziert. Darüber hinaus wurde im Rahmen dieser Arbeit ein
Millisekunden-Pulssystem am FN-Tandembeschleuniger wieder in Betrieb genommen. Die
Zustände bei Anregungsenergien von 2107 und 2388 keV in den Isotonen 133Xe und 135Ba
wurden als Millisekunden Isomere mit Spin/Parität Jπ = 23/2+ identifiziert und schließen
die Systematik in Richtung des kürzlich untersuchten Jπ = 23/2+-Isomers in 139Nd. Darüber
hinaus wurde eine detaillierte Suche nach dem letzten fehlenden Jπ = 23/2+-Isomer entlang
der N = 79 Kette in 137Ce mit zwei verschiedenen experimentellen Aufbauten durchgeführt.
Ein vermutetes Isomer bei einer Anregungsenergie von 1942 keV im N = 77 Isotone 133Ba
wurde als Isomer mit Spin/Parität Jπ = 19/2+ mit einer neu gemessenen Halbwertszeit von
T1/2 = 66,6(20) ns bestätigt. Ebenso wurde die Halbwertszeit des Jπ = 19/2+ Isomers in
137Nd mit einem neuen Wert von T1/2 = 0, 38(7) ns entscheidend verbessert. Die neuen Daten,
die im Rahmen dieser Arbeit gewonnen wurden, schließen systematische Lücken entlang
Isotopen und Isotonenketten. Sie verbessern wesentlich das Verständnis der Kernstruktur
in der Umgebung vom doppelt magischen Kern 132Sn. Schließlich motivieren theoretische
Fortschritte in den Schalenmodellrechnungen eine verfeinerte systematische Untersuchung
dieser Region. Interaktionen wie GCN50:82, Realistic SM und PQM130 sind in der Lage die
bisherigen Einschränkungen der Schalenmodellrechnungen in dieser Region zu überwinden.
Die Ergebnisse dieser Interaktionen reproduzieren die experimentellen Ergebnisse und liefern
eine detaillierte mikroskopische Beschreibung der Hochspin-Eigenschaften und der Evolution
der Kernstruktur in Richtung des N = 82 Schalenabschlusses.
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| Introduction

1.1 Nuclear structure in the 50 ≤ Z, N ≤ 82 region

Comprehensive information on nuclear evolution in the proximity of doubly-magic nuclei are of funda-

mental interest since they furnish essential information on key ingredients of present-day shell-model

interactions like effective charges, one-body operators (single-particle energies), two-body matrix

elements (TBMEs), and the tensor part, which is the most ambitious part of the residual interactions.

Moreover, experimental data is needed to benchmark theoretical predictions in order to provide

improved parameters or even phenomenological corrections to nuclear shell-model calculations and,

thus, theory and experiment interact. It is well known that 132Sn and 208Pb exhibit very similar

nuclear structures, even though they are very differently located within the nuclei chart [1]. An

important signature for this similarity is the almost identical excitation energy of the first excited

Jπ = 2+ states in 132Sn and 208Pb with respective values of 4.04 and 4.09 MeV [2]. While neutron-rich

target materials like 206−208Pb and 209Bi are available for nuclear structure studies of the proximity of
208Pb, the more exotic region adjacent to 132Sn is far off the line of stability (eight neutrons away from

the stable 124Sn). 132Sn is known to exhibit all properties of a strong core due to the double-magic

configuration, which is partly seen in the large excitation energies of first Jπ = 3− and 2+ states [3].

Reduced transition probabilities along the Z = 50 chain of tin isotopes received renewed attention

and have been examined in detail from the theoretical as well as from the experimental perspective

during the last decade. Significant deviations of B(E2; 0+1 → 2+1 ) values from the expected values of

semi-magic Sn isotopes were recognized as a function of the neutron number. A unified theoretical

description of these anomalies could not be given until a dedicated Monte-Carlo shell-model calcu-

lation with a model space which is extended by single-particle orbits below and above the 50 and

82 shell closures, utilized to reproduce all observed B(E2;0+1 → 2+1 ) values along the Sn chain [4].

Moreover, the region has a strong impact on nuclear astrophysics, as the r-process approaches the
132Sn waiting point and proceeds subsequently along the tin chain [5].

Nowadays, spectroscopic results for high-lying states are evaluated for nuclei “northeast” [6–10] and

“southeast” [11, 12] with respect to 132Sn using multinucleonen-transfer reactions, the ISOL/IGISOL

technique, or in-flight fission. Since the N/Z ratio in this regions is large, a detailed knowledge

of low-lying states and single-particle excitations exist throughout comprehensive β-decay studies.

In addition, sensitive techniques like transfer and knock-out reactions were traditionally used to

explore the single-particle nature around 132Sn [13–15]. In contrast, the “northwest” quadrant of
132Sn with Z ≥ 50 and N ≤ 82 is under investigation since many decades since it can be populated

with sufficiently high statistics in standard nuclear-structure experiments like fusion-evaporation or

multinucleon-transfer reactions. The results furnish important information for a phenomenological

and systematic understanding of the evolution of the nuclear structure in a medium-mass transitional

region. Moreover, the experimental findings can imply predictions for the today unknown nuclear

structure of the regions across the N = 82 neutron shell with Z ≥ 50, N ≥ 82.
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1.1.1 The gdsh valence space and isomeric states in the 50 ≤ Z, N ≤ 82 region

Figure 1: Schematic depiction of
single-particle orbitals
in the level diagram of
the gdsh valence space,
arranged by Brown et
al. [16, 17].

Few-valence-particle nuclei beyond the doubly-magic core-
nucleus 132Sn display predominantly single-particle structures
in the gdsh valence space, involving the major single-particle
orbitals 0g7/2, 1d5/2, 1d3/2, 2s1/2, and 0h11/2 [18]. An orbital
scheme including single-particle orbitals above and below the
gdsh valence space is exemplarily visualized in Fig. 1. The
gdsh valence space is governed by the intruder 0h11/2 or-
bital. Such high- j intruder orbitals are characterized by large
single-particle angular momenta. Proton and neutron single-
particle energies, extracted from experimetal level energies
of 133Sb and 131Sn, are −9.68/9.74,−8.72/8.97,−7.24/7.31,
−7.34/7.62 and −6.88/7.38 MeV for the 0g7/2, 1d5/2, 1d3/2,
2s1/2, and 0h11/2 orbitals, respectively [17]. The level energy
of the πs1/2 orbital is fitted to −7.34 MeV since it is not exper-
imentally observed in 133Sb [17]. In the gdsh valence space,
the scaling factor of the two-body matrix elements typically
follows the nuclear mass as A−1/3.

Yrast-trap isomers are constructed from different mixtures of gdsh orbitals and, thus, open a gate-

way for a fundamental understanding of the evolution of the nuclear configurations [21]. Al-

lowing high-spin couplings with large j, the intruder 0h11/2 neutron orbital is a key ingredient

for characteristic yrast spin-gap isomers. Figure 2 shows the distribution of all today measured

Jπ = 10+, 19/2+ and 23/2+ isomers with T1/2 > 10 ns in the 50 ≤ Z , N ≤ 82 range. The negative

magnetic moments of the Jπ = 10+ states in nuclei below gadolinium at Z = 64 corroborate a

near-spherical, maximally aligned two-neutron-hole νh−2
11/2 configuration [22–24]. Hence, the wide

spread of the Jπ = 10+ isomers throughout this region emphasizes the importance of the intruder

νh11/2 orbital. Half-life values extend from lower nanosecond values up to 198(3) ms in 146Tm [25].

An important signature of the 10+→ 8+ transition is the remarkable small transition energy in 130Te

and 134Xe [2]. Particularly noteworthy is the long half-life of 8.39(11) ms [26] for the Jπ = 10+

isomer in 132Xe, decaying via a E3 transition to the Jπ = 7− state, which is also a nanosecond

isomer [27]. Approaching the Z = 64 subshell closure, an abrupt reduction of the transition strength

of the 10+→ 8+ decay is observed [24]. The distinct change of the nuclear structure of the Jπ = 10+

isomers can be traced back to pair excitations across the Z = 64 shell closure, resulting in an increasing

contribution of the proton πh2
11/2 configuration to the overall angular momentum of the Jπ = 10+

isomers [28].

Similar to the Jπ = 10+ isomers in even-even nuclei, Jπ = 19/2+ and 23/2+ isomers are characteristic

features in even-odd nuclei. The isomers predominantly occur along the Sn, Sb and Te chain and

are less abundant in Z ≥ 54 nuclei. Half-life values are distributed throughout the nano-, micro-,

and millisecond range [30, 37]. Figure 3(a) indicates the evolution of negative- and positive-parity

states along the N = 79 chain. Isomeric Jπ = 23/2+ states were systematically reported for this

chain in 129Sn [29], 131Te [30], and 139Nd [31]. The isomers are members of the seniority ν = 3

8
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133Cs
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141Pr
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Figure 2: Partial chart of nuclei containing all today measured Jπ = 19/2+ (green boxes), Jπ = 23/2+

(yellow boxes), and Jπ = 10+ (white boxes) isomers with T1/2 > 10 ns. Data compiled
from the Atlas of Nuclear Isomers [19] and Refs. [2, 20].

multiplet and are interpreted to have a predominant νh−2
11/2d−1

3/2 configuration. Characteristically,

these states are connected to the first or second excited Jπ = 19/2− states. The energy difference

between initial Jπ = 23/2+ and final Jπ = 19/2− states remains relatively constant with respect to

the proton number. However, the half-life values differ by five orders of magnitude between 131Te

and 139Nd. Candidates for isomeric counterparts in 133Xe and 135Ba might be anticipated for the

2107-, and 2388-keV states, respectively. In previous works, these states were tentatively assigned

to spin and parity of Jπ = (23/2+), however, an analysis of delayed γ-ray transitions was not in

the scope of these studies [27, 38]. Jπ = 23/2+ isomers were also discovered along the N = 77

chain in 127Sn (T1/2 = 1.26(15) µs [39]) and in 129Te (T1/2 = 33(3) ns [40]). From 131Xe onwards,

isomeric Jπ = 19/2+ states, decaying via 19/2+→ 19/2− E1 transitions, prevail along the N = 77

chain. Precise half-lives were evaluated in 127Sn [32], 131Xe [33], and 135Ce [34] (c.f. Fig. 3(b)). For
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Figure 3: Evolution of excited states throughout the (a) N = 79 and (b) N = 77 chains. Corresponding
T1/2 values are given in the figure. Isomeric Jπ = 23/2+ states and candidates for this
isomer in 133Xe and 135Ba are highlighted with thick red lines. Isomeric Jπ = 19/2+ states
along N = 77 isotones are indicated with thick red lines. Data extracted from ENSDF [2],
Refs. [27, 29–31] for the N = 79 chain, and Refs. [32–36] for the N = 77 chain.

133Ba [36] and 137Nd [35] only estimates of the corresponding half-lives in the lower nanosecond

regime are known. Jπ = 19/2+ isomers in odd-mass isotopes have a dominating single-particle

configuration of νh−2
11/2s−1

1/2 and can be interpreted within the particle-plus-rotor model as a coupling

of a neutron (hole) to the Jπ = 5− isomer of the neighbouring even-mass partners [32, 35, 36].

Semi-magic nuclei along the N = 82 chain received renewed attention with the identification and

theoretical interpretation of the neuron ν(h−1
11/2 f 1

7/2) cross-shell mixing configuration within the

shell-model framework [41, 42]. Hereafter, calculations using an extended gdsh+ ν(1 f7/2, 2p3/2)

cross-shell configuration space were applied to Sb and Te chains [43]. In 131−133Sb, cross-shell

contributions were found to be critical to reproduce the level spacing between low-, and high-spin

states as well as M1 and higher-multipole M2, E3, and E4 transition strengths between them using
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the EPQQM interaction [43]. Also the description of parity-changing E1 transitions, observed for

example in N = 77 isotones, requires the consideration of neutron cross-shell configurations [44].

A similar discussion in terms of a so-called E2 map and a detailed cross-shell calculation with the

EPQQM interaction for the Jπ = 19/2+ isomer in 133Ba will be presented in this thesis.

1.1.2 High-spin features northwest of 132Sn

From a certain distance away from the Z = 50 and N = 82 shell closures, collective features

begin to dominate over single-particle excitations due to increasing correlations among valence

nucleons. Instead of pure shell-model configurations, the wave functions comprise different linear

combinations of couplings of the unique-parity high- j orbital 0h11/2 with the 2s1/2, 1d3/2, 1d5/2,

and 0g7/2 orbitals [45, 46]. A coarse indicator of structural evolution is given by the ratio between

the excitation energies of first Jπ = 2+ and 4+ states [47]. Figure 4 shows a partial nuclei chart of

even-even nuclei with Z ≥ 50 and N ≤ 82, whereby the color code illustrates the experimentally

determined R= (E4+/E2+) values, ranging from spherical 132Sn (R= 1.09) to deformed rotors like
132Sm (R = 3.18). A gradual change between both extreme values is observed throughout a broad near

vibration region (R≈ 2). In the midshell region, the excitation spectra exhibit the rotational character

of a symmetric quantum top (E∝ J(J + 1)), while the excitation specta of A≈ 135 nuclei are well

modulated by anharmonic oszillators [48]. A large number of nuclei have R ratios between 2.5 and

3.0, indicating γ-unstable nuclei [49–51]. The γ softness of nuclei in this transitional region originates

from the different deformation-driving properties of aligned 0h11/2 protons (towards prolate shape

with γ = 0◦ in the Lund convention) or neutrons (towards oblate shape with γ = −60◦). Studies

intended to elucidate high-spin structures are particularly sensitive to mixed configurations involving

the intruder 0h11/2 orbital. The high-spin structure of even-odd nuclei is based on Jπ = 11/2− yrast

trap isomers with νh−1
11/2 configuration, which ends up in the Jπ = 3/2+ ground state. Similarly,

the high-spin structure (J ≥ 10 ħh) of even-even nuclei is build on a Jπ = 10+ yrast isomers with a

fully spin-aligned two-quasiparticle νh−2
11/2 configuration. In various A≈ 130 nuclei collective bands

and phenomena involving the 0h11/2 orbital such as shape coexistence [52], wobbling bands [53],

alternating-parity bands [9], and magnetic rotation in dipole bands [54] were established.

Another very characteristic high-spin feature is accompanying by a sudden increase of the total aligned

angular momentum, implying a narrow level spacing between high-spin states with respect to the

spacing extrapolated from the regular ground-state band [56, 57]. This phenomenon is interpreted

as a band crossing between the ground-state band (GS-Band) and a two-quasiparticle band (S-Band),

originating from the alignment of a pair of neutrons or protons occupying the intruder 0h11/2 orbital.

In 1972, the crossing of two bands was first observed in 162Er by Johnson et al. [58]. In a semi-

microscopic model, the fluidity of the nucleus reduces at the alignment frequency, resulting in a

sudden increase or bending of the total aligned angular momentum over a small range of rotational

frequencies [47]. The alignment process is also manifested in a sudden decrease of B(E2) values

between aligning states [59]. Alignment of neutron and proton 0h11/2 pairs along yrast bands were

systematically reported in a series of A ≈ 125-136 xenon, barium, and cerium isotopes. Figure 5
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ratio in even-even nuclei northwest of 132Sn. Ratios range from 1.09 in 132Sn

to 3.18 in 132Sm. Solid black lines highlight magic numbers. Data extracted from the
NuDat 2.7 database [55].

presents a compilation of the total aligned angular momentum (Ix) of the E2 ground-state band for

(a)-(h) 129−136Ce, (i)-(p) 127−134Ba, and (q)-(x) 125−132Xe as a function of rotational frequency ħhω.

Backbending emerges typically at the position of the isomeric Jπ = 10+ state for even-mass nuclei. In
132Xe, the Jπ = 10+ isomer (8.39(11) ms [26]) decays though an E3 transition to a Jπ = 7− state,

whereby the Jπ = 8+ state has not been discovered up to now. Supported by shell-model calculations,

it is highly probable that the Jπ = 8+ state is located very close in energy to the Jπ = 10+ isomer,

implying a remarkable strong backbending character [27]. A characteristic feature of some even-mass

nuclei, such as 128,130Ba and 132,134,136Ce, is the presence of two aligned S-bands. The first alignment

refers to states above the yrast Jπ = 10+1 state, while the second alignment pertains to states in the

yrare sequence above the second Jπ = 10+2 state. Measured g factors reveal that the alignment of yrast

states can be traced back to a pair of neutrons in the 0h11/2 orbital, whereas the alignment of yrare

states corresponds to a proton pair in the 0h11/2 orbital [22]. Likewise, distinct backbendings and
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Figure 5: Evolution of total aligned angular momentum against the rotational frequency ħhω for the
yrast bands in (a)-(b) Ce (Z = 58), (i)-(p) Ba (Z = 56), and (q)-(x) Xe (Z = 54). See detail
in the text. Data extracted from Refs. [2, 53]

upbendings were discovered in various negative-parity ground-state bands of even-odd nuclei in this

region. According to cranked-shell-model and total-Routhian-surface calculations, these alignments

were solely associated with the breaking of the first neutron 0h11/2 pairs, except for 129Xe where an

alignment of two 0h11/2 protons was manifested [53]. Reliable information on alignment properties

of high-spin states in 131Xe and 134Ba are missing within this systematic.

Furthermore, the nuclear structure of xenon isotopes attracted renewed attention in the field of

dark-matter physics. For example, the currently running XENON100 [60] and future XENON1T [61]

experiments (located at the Laboratori Nazionali del Gran Sasso (LNGS) in Italy) uses liquid xenon as

both target and detection material in the search for weakly interacting massive particles (WIMPS). The

xenon used in this dark-matter experiment consists mainly of the isotopes 129Xe and 131Xe, which have

high natural isotopic abundances (26.4 % and 21.2 %, respectively). These isotopes exhibit a non-zero

ground-state spin and spin-dependent cross sections of inelastic and elastic dark-matter scattering

are under discussed. Detailed nuclear shell-model calculations are necessary to calculate structure

functions describing the spin content of the proton and neutron groups within the nucleus [62]. Little

perceived by the nuclear-structure community, several shell-model studies concentrated on this aspect

of WIMP-nucleon coupling involving 131Xe [63–66].

1.1.3 Reaction mechanism to populate nuclei around 132Sn

In the more neutron-deficient part of the 50 ≤ Z , N ≤ 82 region, fusion-evaporation reactions

between neutron-rich projectiles and neutron-rich target materials are suitable to populate a large

amount of excited states in A≈ 130 nuclei. Since the 1960s, pioneering studies of high-spin structures

in relatively neutron-rich Xe and Ba isotopes were performed with (α, xnγ) reactions at typical beam

energies of 20-40 MeV with small Ge(Li) detector arrays. Such an experiment restricts the maximum
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angular momentum of populated states in 131,133Xe to typical values of 21/2 ħh and excitation energies

not higher than 2.5 MeV, as observed in the α+130Te reaction by Kerek et al. [33]. Beam ions

are required to be heavier than A= 4 to enable γ-ray spectroscopy of higher-spin states. However,

evaporation cross sections can vary over several orders of magnitude within a narrow range of isotopes.

For example, the production cross section of 132Cs can reach the order of 10 barns employing the
6Li+ 130Te reaction [67], but drastically decreases to a few microbarns for the population of 134Cs

using a 11B+ 130Te reaction [68]. γ-ray spectroscopy in such elusive reaction channels require the

use of additional detector systems. Especially for a detailed spectroscopy of slightly neutron-rich

Xe and Ba isotopes, a gate on evaporated charged particles is crucial to get rid of large background

contributions emerging from dominating neutron evaporation channels [69]. In this thesis, γ-ray

spectroscopy of 131Xe and 130I considerably benefited from the use of additional silicon detectors

inside the target chamber [70] in order to enrich the reaction channel associated with charged particle

emission.

Towards the N = 82 neutron shell-closure, other reaction techniques are quite common to synthesize

neutron-rich nuclei. Multinucleon-transfer reactions (thereafter called MNT) give the possibility for

producing neutron-rich nuclei with high yield at standard accelerator facilities. A detailed historical

outline of applications of MNT reactions and technological advances, which will be briefly discussed in

this part, can be found in Ref. [71]. In these reactions, many nucleons are transferred between beam

and target nuclei resulting in a wide range of populated reaction channels. A 136Xe heavy-ion beam

allows large energy and angular momentum transfer and is appropriate to populate high-spin states

in the neutron-rich Ba, Xe, and Te isotopes. Experimental survival cross sections for MNT reactions

employing a 136Xe beam impinging onto 238U [72], 209Bi [73], 208Pb [74], and 198Pt [24] targets

are known to be sufficiently high to perform γ-ray spectroscopy for nuclei of interest. Moreover, the

availability of recently developed neutron-rich beams like 127I and 130Te opens the door for a systematic

investigation of neutron-deficient nuclei in the direction of the neutron drip line [75]. The majority

of the previous MNT experiments took advantage of the insignificant Doppler broadening by using

thick targets [76]. However, despite the challenging Doppler correction of emitted γ rays, thin target

experiments are nowadays feasible in combination with newly developed position-sensitive heavy-ion

detector systems. A path-breaking example for such a high-efficiency setup is the combination of the

4π γ-ray spectrometer GAMMASPHERE with the 4π position-sensitive heavy-ion detector CHICO at

Lawrence Berkeley National Laboratory (LBNL). Although, the GAMMASPHERE array consists of 103

Compton-suppressed germanium detectors, among them 70 detectors segmented into two halves to

reduce the Doppler broadening, the Full Width at Half Maximum (FWHM) of the prompt peaks in the

energy spectrum corresponds to typical values of 3.5 keV at low γ-ray energies of approx. 200 keV [24,

71, 77]. Due to many technological advances, the usage of last-generation large solid angle tracking

magnetic spectrometers like PRISMA for trajectory reconstruction and ion identification [78–80],

in conjunction with next-generation γ-ray tracking spectrometers such as the European Advanced

GAmma Tracking Array (AGATA) [81], facilitated a distinct separation of reaction channels and a very

careful Doppler correction. In the AGATA physics campaign in 2010 and 2011, the AGATA+PRISMA

setup was hosted at the Laboratori Nazionali di Legnaro (INFN LNL Legnaro in Italy)) [71, 82–84].
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During two years of the LNL campaign, a number of successful MNT experiments throughout the

hole nuclei chart were undertaken, most of them by employing the AGATA+PRISMA setup [85–87].

A series of investigations in the A≈ 135 region focused on high-spin states [72]. The level schemes

of 132Xe, 133Xe, 134Xe, 135Xe, and 137Ba were successfully extended employing the 136Xe+ 238U and
136Xe+ 208Pb MNT reactions at the AGATA+PRISMA setup. Moreover, data from the 136Xe+ 198Pt

MNT reaction performed with the GAMMASPHERE spectrometer coupled to the CHICO array at LBNL

could also be analyses within this investigations. Dedicated fusion-evaporation reactions using the

HORUS γ-ray array at the University of Cologne were performed to address specific questions [27,

69, 71, 72, 77]. Shell-model calculations employing interactions that are applicable in this mass

region reproduced the experimental findings accurately, emphasizing the single-particle nature of

the high-spin states in these nuclei [71]. More details on the calculations are briefly described in the

following chapter 1.2.
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1.2 Shell-model calculations in the 50 ≤ Z, N ≤ 82 region

A microscopic attempt to describe nuclear structure properties is given by the nuclear shell-model

(SM) theory. Doubly-magic nuclei serve as reference points for all theoretical approaches in this

framework, whereby the Hamiltonian comprises the dynamics of valence nucleons in one-body and

two-body interaction parts. The quality of an interaction depends crucially upon a precise and

systematic description of various nuclear structure properties over a wide range of nuclei. Xenon

and Barium isotopes, with A = 131-136, are located in a region of the nuclei chart characterized

by a variety of (I) single-quasiparticle excitations, (ii) multi-quasiparticle excitations rising from

the high coupling 0h11/2 orbital, and (III) structures arising from the conflation between both (see

discussion in Sec. 1.1). Thus, the 50 ≤ Z , N ≤ 82 region offers the option for a stringent test of

basic ingredients of the spherical shell-model theory and the available effective nuclear interaction

Hamiltonians in this region. Especially in the early days, but also at present, a truncation of the

SM space is needed to manage the high dimensions in a conventional diagonalization approach

using e.g. the Lanczos diagonalization method [88, 89]. However, a truncated SM space may not be

sufficient to describe properties of nuclei far outside the inert core [89]. To diagonalize the shell-model

Hamiltonian matrices without requiring truncations of the SM space, the present-day shell-model

codes ANTOINE [90], NUSHELLX@MSU [16], and KSHELL [91] are available. In particular, KSHELL

was developed for the application on supercomputers like the Post-K computer at RIKEN [92, 93].

The shell-model description of the N = 82 isotones attracted attention due to empirical and two-

body realistic interactions, which were applied in this mass region. In a pioneering semi-realistic

interaction, the two-body part of the shell-model Hamiltonian was derived from modified surface

delta interactions in a restricted gds model space [94]. The interaction was a first attempt to analyse

excitations originating from proton pairs in the even-mass semi-magic nuclei. It was refined and

extended by Kruse et al. [95] resulting in the development of the N82 interaction. Later, significant

progress was made by using microscopic approaches of nuclear structure calculations utilizing more

advanced free nucleon-nucleon potentials. Semi-realistic calculations in the full proton gdsh valence

space were carried out along the N = 82 nuclei using an effective two-proton interaction obtained from

the Brueckner G matrix of the Reid soft-core potential including phenomenological corrections [96].

For almost 15 years, this was the most detailed theoretical description of N = 82 nuclei until

Andreozzi et al. [97] published dedicated calculations employing a realistic effective interaction

based on a G-matrix derived from the Bonn-A free nucleon-nucleon potential. The preciseness of

the interaction reached a previously unattained precision in the reproduction of the energy spectra

and transition probabilities in 134Te and 135I. The authors emphasize that these calculations are the

first pure realistic shell-model calculations for N = 82 nuclei. Other approaches benefit from the

similarities between the nuclear structure of the 208Pb and the 132Sn region. Magnetic moments

and energy spectra of nuclei around 132Sn were successfully described by a modified empirical

Hamiltonian [98]. The interaction is based on the KH5082 and CW5082 interaction primarily derived

for the 208Pb region [99]. The new empirical Hamiltonian is obtained by scaling the TBMEs [98].

The interaction reasonably reproduces quantities like excitation energies, magnetic moments, and

transition probabilities of several Sn and Sb nuclei near 132Sn.

16



Since the coherent interaction between protons and neutrons is mainly responsible for the evolution

of the shell structure and the development of collective modes, it is a key ingredient for the description

of more complex systems and their excitations beside the N = 82 isotones [100, 101]. As stated

in Sec. 1.1.2 of this thesis, a prominent feature in nuclei with mass A ≈ 130 is the backbending

phenomena. Since the configuration space reaches an exceptionally order of magnitude for nuclei with

a large number of nucleons on top of the closed shells, backbending calculations were traditionally

performed on the basis of collective approaches like Hartree-Fock-Bogoliubov calculations [102, 103],

Gogny interaction [104, 105], interacting boson model [50, 106, 107], mean-field methods [49,

108], or the cranked-shell-model [53, 109]. Such approaches can be considered as complementary

calculations with respect to the shell-model framework [110]. First shell-model calculations, aiming

to describe the backbending phenomena, were performed in the p f shell between 40Ca and 56Ni.

Caurier et al. [110, 111] elucidated the backbending phenomen and the underlying alignment

prozess in Cr isotopes with the realistic KB3 interaction. Nowerdays, backbending phenomena of

A≈ 130 nuclei are in the scope of microscopic studies with untruncated shell-model calculations.

Is is noteworthy that only a few studies were performed with the shell-model approach in order to

reproduce backbending in the Xe to Ce region [112–114].

Pioneering work in the implementation of realistic large-scale shell-model calculations for nuclei

outside the N = 82 and Z = 50 closed shells was performed by Brown et al. [17]. The SN100PN inter-

action comprises three parts, each dealing with one of the fundamental nucleon-nucleon interaction,

plus the Coulomb interaction (Sn100pp+Sn100nn+Sn100pn+Sn100co). The set of TBMEs were

evaluated with the G-matrix approach based on the CD-Bonn potential [115]. Single particle energies

are chosen to be in line with known experimental levels in 133Sb and 131Sn. The T = 1 parts of the of

the SN100PN interaction were extensively validated by comprehensive studies along the semi-magic

N = 82 [41] and Z = 50 [116] chains. However, already the limited number of shell-model studies

in midshell nuclei revealed that the T = 0 proton-neutron monopole part of the SN100PN interaction

is insufficient to reproduce experimental data. SN100PN fails to reproduce several nuclear structure

properties like isomeric Jπ = 19/2− states in 135Xe and 137Ba [69], which serve as stringent and

detailed tests of the proton-neutron part of the interaction since both nuclei exhibit only one valence

neutron-hole outside the N = 82 shell closure.

In a series of publications, it was pointed out that phenomenological adjustments of the T = 0

proton-neutron interaction part in the realistic Hamiltonians, which is the main driver for collective

modes, are responsible for an enhanced precision of shell-model predictions [90, 117]. An interaction

that implements this approach is the GCN50:82 interaction [118, 119]. Likewise to the SN100PN

interaction, it is conducted by applying a realistic G matrix to the CD-Bonn potential [115] by

using the method inspired by Hjorth-Jensen et al. [120]. In fact, the interaction traced back to the

T = 1 parts of the SN100PN interaction. The final interaction incorporates corrections obtained

by a fit of two-body matrix elements to approx. 400 data points from 80 nuclei with Z ≥ 50 and

N ≤ 82 [118]. The approach resembles the developed of the GXPF1 interaction in the the p f shell

from the early 2000s [121]. Although the main focus of the corrections relates to the monopole part,

also modifications of higher order matrix elements were applied, which subsequently slightly improve
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Figure 6: Part of the nuclei chart showing the even-even nuclei in the 50≤ Z , N ≤ 82 region. Two
color codes are shown: (left) The extent of the m-scheme dimension of Jπ = 0+ states;
(right) the root-mean-square (rms) deviation of calculated excitation energies of states in
the E2 ground-state band (Jπ ≤ 14+), applying the SN100PN and GCN50:82 interactions.

the agreement with experimental data. Caurier et al. [118, 122] demonstrated that the GCN50:82

interaction, assuming a bare G matrix, yields a root-mean-square (rms) deviation of 1.35 MeV for a set

of several hundred states in this region. A convincing improvement of the absolute rms deviation to

0.25 MeV is gained by correcting the monopole component of the realistic interaction. Moreover, the

agreement with respect to the experimental data is further enhanced to a rms deviation of 0.11 MeV by

incorporating pairing and multipole components into the fit. The interaction was originally developed

in terms of dark matter physics [119, 123]. Meanwhile, the interaction yields convincingly agreement

with high-spin states in Te, Xe, Ba, Ce, and Nd nuclei [122, 124].

A more elaborated systematic study of the performance of the GCN50:82 and SN100PN interactions

is presented in Fig. 6. The color code arranged on the left-hand side of the figure indicates the

m-scheme dimension of the ground states in corresponding nuclei. The color code on the right-
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hand side refers to the rms deviation of calculated states within the E2 ground-state band up to

the Jπ = 14+ state. Both interactions yield comparable results for the few-valence-particle nuclei

along the semi-magic N = 82 and Z = 50 chains, demonstrating an equivalent performance of the

neutron-neutron and proton-proton interaction parts adjacent to 132Sn. However, further depart

from the inert core, rms deviations begin to drift apart from each other for N = 82 and Z = 50

nuclei. For twelve valence particles in 120Sn and 144Nd, the discrepancies between the rms deviations

amount to 130 and 100 keV, respectively. Similar results were obtained by approaching the midshell

region, whereby the proton-neutron part is gaining importance. The GCN50:82 interaction yields

coherently smaller rms deviations for 50 < Z , N < 82 nuclei, underpinning the assumption of a

deficient proton-neutron monopole part of the SN100PN interaction [90, 117]. In the extreme case

of highest m-scheme dimension in 130Xe, the rms deviation reaches values of 198 (SN100PN) and

115 keV (GCN50:82). The largest discrepancy between both interactions is observed for 134Ba with

rms deviations of 335 (SN100PN) and 59 keV (GCN50:82). The best accordance between theory

and experiment is determined for 136Ba, where the rms deviation has a value of 27 keV using the

GCN50:82 interaction.

Besides a comparison of calculated and experimental excitation energies, a critical analysis of cal-

culated transition probabilities can provide more reliable information on involved configurations.

Effective proton and neutron charges are key ingredients for the description of electric quadrupole

transition strengths and moments. For the interactions used in this thesis, effective proton and neutron

charges are defined as: eeff
π = 1e+δeπ and eeff

ν = 0e+δeν, where 1 and 0 are bare charges (all in units

of e). The proton (δeπ) and neutron (δeν) polarization charges account for the degrees of freedom

not explicitly incorporated into the calculations. In particular, polarization effects, where the valence

nucleons polarize the underlying inert core, are contributing significantly. Characteristic values are the

so-called “standard” effective charges: eeff
π ≈ 1.5e and eeff

ν ≈ 0.5e, which deviate clearly from the free

nucleon charges. Considerable effort has been dedicated to determined effective charges in the gdsh

valence space. For nuclei around the N = 82 chain (A≈ 138), deliberately chosen values of eeff
π ≈ 1.4e

and eeff
ν ≈ 0.7e were proposed [125]. Moreover, the neutron charge of eeff

n ≈ 0.7e was confirmed for

N = 82 isotopes in a recent study of the Sn chain, while in the midshell Sn isotopes a neutron charge

of eeff
n ≈ 1.0e matches the experimental values best [126]. For the nuclei where protons and neutrons

are outside closed shells, several sets of effective charges are favored. An analysis of B(E2; 2+→ 0+)

transition probabilities in 124−127Te indicates effective charges of eeff
p ≈ 1.5e and eeff

n ≈ 1.0e [127].

Otherwise, Teruya et al. [128] refers to an empirical set of effective charges which depends on the

number of valence protons (Nπ) and neutrons (Nν): eπ = 1.8e− 0.05Nπe and eν = −0.6e− 0.1Nνe.

The values are parametrized to reproduce experimental B(E2) values in N = 82 and Z = 50 nuclei.

Fully microscopic effective charges were derived by Coraggio et al. [129]. Single-particle matrix

elements of the microscopic effective electric quadrupole operator (namely effective charges that

depend on the specific matrix element) are derived within a many-body perturbative approach,

employing an expansion of the Q̂ folded diagram of the effective shell-model Hamiltonian [129]. This

approach refers to the method developed by Suzuki and Okamoto [130].
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Figure 7: Calculated normalized figure-of-merit scale χ of transition probabilities B(E2;10+→ 8+)
summed over several Sn, Te, Xe, Ba, and Nd isotopes. Landscapes are calculated for different
sets of proton and neutron charges (eπ, eν) using the (a) SN100PN and (b) GCN50:82
interactions (see text for details).

The landscapes presented in Fig. 7 are aimed to explore the E2 effective charges in this region

of the nuclei chart using the (a) SN100PN and (b) GCN50:82 interactions. Phenomenological

effective charges were determined based upon a comparison of theory with a range of well known

B(E2; 10+→ 8+) values for several Sn, Te, Xe, Ba, and Nd isotopes with T1/2 > 10 ns for the Jπ = 10+

isomers. The figure of merit χ =
∑N

i=0

�

(B(E2)ex p.
i −B(E2)calc.

i )
σ

ex p.
i

�2
, summed over the different isotopes, is

calculated for the SN100PN and GCN5082 interactions considering different sets of effective proton

and neutron charges. The landscapes in Fig. 7 are color-coded with the calculated figure of merits,

normalized to the minimum values. The results provide global minima for sets of effective charges

(eπ, eν): (1.6, 0.9) for SN100PN and (1.75, 0.9) for GCN50:82. Both interactions permit a large

acceptance of the proton charge, which is in line with a predominant νh−n
11/2 configuration of the

isomeric Jπ = 10+ states (see discussion in Sec. 1.1.1). Proton components contribute secondarily to

the overall configuration of the isomer.

Figure 8 confronts calculated B(E2) transition probabilities from the SN100PN and GCN50:82

interactions with experimentally determined B(E2) values of several transitions in Sn, Te, Xe, Ba, Ce,

and Nd nuclei. The compilation is not exhaustive, as only the transitions deexciting isomeric states

with T1/2 > 10 ns in even-mass nuclei were compared. Two sets of effective charges (eπ, eν) were

used to calculate the theoretical B(E2) values: (a) 1.6, 0.9 (SN100PN), 1.75, 0.9 (GCN50:82), being

the above determined values and (b) eπ = 1.8e − 0.05Nπe and eν = 0.6e+ 0.1Nνe, where Nπ and

Nν are the number of valence protons and neutrons with respect to 132Sn, as proposed by Teruya et

al. [128]. Note that the neutron effective charge is positive in contrast to the definition given in

Ref. [128], since SN100PN and GCN50:82 calculations are performed for valence-neutron particles

instead of neutron holes.
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Figure 8: Calculated B(E2) transition probabilities, obtained with an effective proton and neutron
charge set (a) of 1.6, 0.9 (SN100PN) and 1.75, 0.9 (GCN50:82), are compared with
the experimental values of isomeric states with T1/2 > 10 ns [2, 19, 131]. Additional
calculations with both interactions refer to the effective charge set (b) by Teruya et al. [128]:
eπ = 1.8e− 0.05Nπe and eν = 0.6e+ 0.1Nνe. Note the logarithmic scale on the y axis.

For transitions in the two valence-particle nuclei 130Sn and 134Te, all four calculations yield decent

agreements with the experimental data. Moreover, the theoretical B(E2) values of the 6+1 → 4+1
transition in the valence alpha-particle nuclei 134Te are compatible with the experimental value.

However, notable differences between the calculations were found for N = 82 or Z = 50 midshell

isotopes like 136Xe, 138Ba, 142Nd, and 124,122Sn. Similar conclusions on calculated transition prob-

abilities were also discussed by the authors of Ref. [127]. Further apart from closed shells, the

agreement of calculated B(E2) values in adjacent nuclei differs appreciably between different sets

of interactions and effective charges. On the one hand, the recently established transition strength

of the 10+→ 8+ decay in 136Ba is well predicted by both interactions. Otherwise, both interactions

clearly fail to reproduce the B(E2) values of the 10+→ 8+ decays in adjacent 134Xe and 134Ba. The

small energy gap of 28 keV in 134Xe is predicted at 66 (SN100PN) and 51 keV (GCN50:82), while the

121-keV 10+→ 8+ transition in 134Ba is predicted to be 10 keV by the GCN50:82 interaction and the

SN100PN interaction reverses the ordering of both states. It is notable that the transition strengths

of the 15−→ 13− decays in Sn and Te isotopes are fairly reproduced by the GCN50:82 interaction,

although cross-shell contributions were suggested in these isotopes [41–43]. The performance of the

different sets of interactions and effective charges is scrutinized by the above introduced figure of

merit χ, summed over all isomers. The best agreement is achieved with the GCN50:82 interaction

assuming the nuclei dependent effective charge set (b). The figure of merit slightly grows by a factor

of 2.9 considering the nucleus-independent effective charge set (a), whereby the calculations are still
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reproducing the experimental values satisfactorily. In contrast, theoretical transition strengths of the

SN100PN interaction with the effective charge set (a) show a significant rise of the figure of merit

by a factor of 6.4 relative to the minimal χ value obtained from the GCN50:82 interaction. For the

effective charge set (b), this factor enhances up to 14.5. Since B(E2) values are more sensitive to the

involved configurations, it can be concluded that the GCN50:82 interaction yields a more accurate

description of the different mixed SM configurations of the initial and final states.

Besides the well-established semi-realistic SN100PN and GCN50:82 interactions, the development of

the Realistic SM interaction by Coraggio et al. [132, 133] made a significant progress in the A≈ 130

region. Single-particle energies and TBMEs are derived microscopically by means of the many-body

perturbative theory starting from the CD-Bonn potential [115]. To get rid of the repulsive core of

the nucleon-nucleon interaction, the high-momentum component are smoothed out using the Vlow-k

approach with a cutoff momentum of Λ = 2.6 fm−1 [134]. It was chosen carefully to compensate

the role of the missing three-nucleon force [129]. The effective shell-model Hamiltonian is derived

iteratively by means of the many-body perturbation theory in the Q̂- box folded diagram expansion,

including all diagrams up to third order in the interaction. More details on the derivation can be

found in Ref. [129], where calculations are performed to describe the two-neutrino double-β decay

properties of 130Te and 136Xe. The nearly pure microscopic derivation, requiring a minimum set of

free parameters, has to be emphasized. This approach aims for a generalized microscopic nuclear

structure description.

A further interaction utilizing a monopole-corrected basis is the SNV interaction [44]. The interaction

incorporates the N82GYM interaction [135], the SNBG3 interaction [136], and the monopole-based

universal force (VMU) for the proton-neutron part introduced by Otsuka et al. [137, 138]. The main

components of the VMU term are the Gaussian central force and the tensor force. Apart from individual

scaling factors, the monopole-based VMU force is intended to serve an universal interaction applicable

in different mass regions of the nuclei chart [138]. In the gdsh valence space, the strengths of the

central and the tensor force from the original VMU interaction are multiplied by factors of 0.84 and

1.3, respectively, to fit the experimental data of one-proton separation energies in Sb isotopes [101].

Very recently, the interaction successfully described the g-factor of the Jπ = 23/2+ state in 135La [44].

In the last years, Japanese groups have authored several publications on the theoretical interpretation

of nuclei with mass around 130-140 in the light of the pair-truncated shell-model calculations with an

extended pairing (monopole and higher order pairing terms) plus quadrupole-quadrupole interaction,

employed as an effective interaction [128] (hereafter called PQM130). In order to overcome the

large SM space, neutron and proton Hamiltonians are diagonalized one after the other. Afterwards,

the total Hamiltonian is diagonalized in a proton and neutron space, which has a maximum number

of possible states [128]. This truncation was proven to be sufficient in reproducing several high-spin

features of A≈ 130 Sn, Sb, Te, I, Xe, Cs, and Ba nuclei [128].
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1.3 Outline of this thesis

This cumulative doctoral thesis comprises four peer-reviewed publications published in “Physical

Review C” in the years 2018 and 2019. A fifth study is presented in the form of a manuscript. Findings

on the search of isomeric states in 137Ce and 137Nd are summarized in addenda attached to two

publications. The thesis presents new experimental results on high-spin states of ten nuclei with

A= 133-138 and their theoretical implementations to a region of medium mass (50 ≤ Z , N ≤ 82)

transitional nuclei. The new experimental findings close systematic gaps along isotopic and isotonic

chains and improve the understanding of nuclear structure in this region of the nuclei chart. The

experimental results are based on dedicated and precise fusion-evaporation reactions at the HORUS

spectrometer employed to complement results obtained with the AGATA+PRISMA setup relying on

multinucleon-transfer reactions. Finally, recent theoretical advances in latest shell-model interaction

theories are included in a refined investigation of high-spin features in A≈ 135 nuclei. The thesis

contains the following subjects:

The first publication is devoted to new high-spin states in transitional 131Xe. The negative-parity yrast

band was extended from 3 to 5 MeV and a distinct backbending along this band was identified. The

results are contrasted with the high-spin systematics of Z = 54 isotopes and N = 77 isotones. Com-

prehensive truncated and untruncated shell-model calculations in 129−132Xe elucidate the changing

nuclear structure and the observed backbending phenomenon along the Xe chain towards the N = 82

shell closure.

The second publication concentrates on millisecond Jπ = 23/2+ isomers in 133Xe and 135Ba, discovered

during a pulsed-beam experiment. The resulting M2 and E3 reduced transition probabilities are

compared with results of shell-model calculations. The isomeric configuration is systematically

evaluated along the N = 79 chain toward the recently observed Jπ = 23/2+ isomer in 139Nd. The

attached addendum summarizes the results of two independent experiments covering the search of

the still pending Jπ = 23/2+ isomer in 137Ce.

A third publication refers to high-spin states in 136Ba and 137Ba. Besides a revision and an extension

of the previously known level scheme above the Jπ = 10+ isomer in 136Ba, the bandheads of the

positive- and negative-parity yrast cascades were established in both isotopes. Based on results of

shell-model calculations in lower mass N = 80 and N = 81 isotones, a fundamental change of the

underlying nuclear structure is observed for positive-parity high-spin states.

The fourth publication focuses on a refined investigation of the Jπ = 19/2+ isomers in 133Ba and the

high-spin structure of 134Ba. The isomeric character of the Jπ = 19/2+ state in 133Ba is interpreted in

terms of a calculated E2 map and a dedicated cross-shell calculation. The newly observed alignment

in 134Ba is discussed within shell-model calculations and a comprehensive systematic analysis of

band-crossing frequencies in even-mass Ba isotopes. The attached addendum presents results from a

fast-timing measurement on the Jπ = 19/2+ isomer in 137Nd.
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The last study is presented in the form of a manuscript. Results on the first spectroscopy of high-spin

states in the odd-odd isotope 130I are presented. Based on theoretical findings from shell-model

calculations and systematics along the iodine chain, different mixed proton and neutron configurations

are assigned to the new states.

In the last part of this thesis, a summary of outcomes from all five studies will be presented. Finally,

the thesis closes with ideas and first results of test measurements for further experiments in the

50 ≤ Z , N ≤ 82 region. Suggestions for nuclear-structure studies in neutron-rich nuclei in the

vicinity of doubly-magic 208Pb are presented, which will be subject of upcoming beamtimes with the

AGATA+PRISMA+NOISE setup at INFN Legnaro.
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| Publication I:

High-spin structure in the transitional nucleus
131Xe: Competitive neutron and proton align-

ment in the vicinity of the N = 82 shell closure
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The transitional nucleus 131Xe is investigated after multinucleon transfer in the 136Xe + 208Pb and 136Xe + 238U
reactions employing the high-resolution Advanced γ -Tracking Array (AGATA) coupled to the magnetic
spectrometer PRISMA at the Laboratori Nazionali di Legnaro, Italy, and as an elusive reaction product in
the fusion-evaporation reaction 124Sn(11B,p3n)131Xe employing the High-efficiency Observatory for γ -Ray
Unique Spectroscopy (HORUS) γ -ray array coupled to a double-sided silicon strip detector at the University
of Cologne, Germany. The level scheme of 131Xe is extended to 5 MeV. A pronounced backbending is observed at
h̄ω ≈ 0.4 MeV along the negative-parity one-quasiparticle νh11/2(α = −1/2) band. The results are compared to
the high-spin systematics of the Z = 54 isotopes and the N = 77 isotones. Large-scale shell-model calculations
employing the PQM130, SN100PN, GCN50:82, SN100-KTH, and a realistic effective interaction reproduce the
experimental findings and provide guidance to elucidate the structure of the high-spin states. Further calculations
in 129−132Xe provide insight into the changing nuclear structure along the Xe chain towards the N = 82 shell
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closure. Proton occupancy in the π 0h11/2 orbital is found to be decisive for the description of the observed
backbending phenomenon.

DOI: 10.1103/PhysRevC.98.014309

I. INTRODUCTION

The nuclei in the 50 � Z,N � 82 region of the Segrè chart,
spanning the nuclei north-west of doubly magic 132Sn, are
intriguing systems for the simultaneous investigation of the
shell structure as well as for collective degrees of freedom.
Couplings of configurations involving the unique-parity high-j
orbital 0h11/2 with configurations in the 2s1/2, 1d3/2, 1d5/2,
and 0g7/2 orbitals give rise to a plethora of high-spin states.
The different deformation-driving properties of aligned h11/2

proton (γ ≈ 0◦ in the Lund convention) or neutron (γ ≈ −60◦)
configurations cause both collective and noncollective struc-
tures [1–5]. Transitional Xe nuclei in the A ≈ 130 mass region,
well described by assuming anharmonic vibrations [6], are
known for their softness with respect to γ deformation and
form, therefore, an important link in the smooth evolution
from spherical to deformed shapes [7–9]. High-j couplings
in the high-spin regime form a variety of rotational bands.
Their signature splitting (α = ±1/2) [10] is based on the
unique-parity h11/2 neutron-hole orbital. Many of the A ≈ 130
nuclei show irregular yrast sequences in the high-spin regime,
accompanied by a sudden increase of moment of inertia along
the ground-state band. This phenomenon called backbending
[11] is explained as a band crossing of the ground-state band
with an aligned two-quasiparticle band, i.e., the quasiparticle
level crossing between an unoccupied high-j intruder orbital
and the most high-lying occupied orbital.

In the majority of cases, the theoretical investigations of
such systems were carried out by means of the interacting
boson model (IBM) [9,12,13], mean-field methods [2,14], or
the cranked shell model (CSM) [15,16]. However, Xe isotopes
have come within reach of advanced untruncated shell-model
calculations, providing stringent tests of the predictive power
and suitability of various nuclear potentials and models based
on modern effective interactions in this region. Is is noteworthy
that only a few studies were performed from the shell-model
point of view for the description of the backbending [17–19].

The nucleus 131Xe is located in the proton midshell be-
tween the Z = 50 shell and the Z = 64 sub-shell closures
and is five neutrons away from the N = 82 shell closure.
Previous experiments on 131Xe focused primarily on low-spin
excitations observed after β decay [20–23], (γ,γ ′) reactions
[24–26], or Coulomb excitation [27]. Like several odd-mass
50 � Z,N � 82 nuclei, 131Xe exhibits a long-lived Jπ =
11/2−

1 isomer. It has a half-life of 11.84(4) d and an excitation
energy of 163.930(8) keV. The isomer has a predominant
νh−1

11/2 character and decays via an M4 γ ray to the Jπ = 3/2+
1

ground state [28]. By the end of the 1970s, both Palmer et al.
[27] and Irving et al. [29] studied low-lying positive-parity
states in 131Xe utilizing Coulomb excitation and (α,xnγ )
reactions, respectively. Later, in 1983, Lönnroth et al. [30]
identified a large number of new low-lying states with one- and
three-quasiparticle configurations. Due to a lack of stable beam
and target combinations, studies of intermediate and high-spin

states were restricted by (α,xnγ ) reactions [29–31] with small
Ge(Li) detector arrays at this time. The most detailed spec-
troscopy study of the high-spin regime was performed by Kerek
et al. [31] in 1971, utilizing the 130Te(α,3n) reaction at beam
energies of 30 to 40 MeV. Three γ rays with energies of 642.4,
810.6, and 901.5 keV on top of the Jπ = 11/2−

1 state were

found to form a (21/2−
1 )

901.5−−−→ 19/2−
1

810.6−−−→ 15/2−
1

642.4−−−→
11/2−

1 negative-parity band. Furthermore, three γ rays with
energies of 188.7, 389.0, and 991.6 keV were placed on top of
the Jπ = 19/2−

1 state. The 188.7-keV transition was observed
as the 19/2+

1 → 19/2−
1 decay of the positive-parity band.

The Jπ = 19/2+
1 state at 1805.7 keV was identified as an

isomer with a half-life of 14(3) ns and a three-quasiparticle
ν(h−2

11/2s
−1
1/2) configuration. The Jπ = 23/2+

1 state at 2194.7

keV is explained as a ν(h−2
11/2d

−1
3/2) configuration.

Backbending and upbending phenomena in the yrast bands
of even-even Xe isotopes were systematically observed in
112−130Xe [33–35]. Figure 1 shows the evolution of the total
aligned angular momentum for a given transition Ix = (I i

x +
I

f
x )/2 with the total angular momenta of the initial and

final states I
i,f
x =

√
I i,f (I i,f + 1) − K2 versus the rotational

frequency h̄ω = (Ei − Ef )/(I i
x − I

f
x ) [36] for Xe isotopes

with masses ranging from A = 117 to A = 132 along the yrast
bands [32]. The experimental total aligned angular momentum
shows a smooth evolution as a function of rotational frequency
h̄ω for the lighter midshell isotopes. Toward the shell closure,
backbending emerges between the Jπ = 10+

1 and Jπ = 12+
1

states in 122,124,126Xe and between the Jπ = 8+
1 and Jπ = 10+

1
states in 128,130Xe. This behavior is explained by the crossing
of a quasiground band and another quasiband with a neutron-
aligned νh−2

11/2 configuration [35]. A distinct alignment is
observed in the lower-mass neighbor of 131Xe, 130Xe, where
the energy difference between the Jπ = 10+

1 and Jπ = 8+
1

states is only 276 keV. In the higher-mass neighbor of 131Xe,
132Xe, the Jπ = 6+

1 state is still tentative and the Jπ = 8+
1

state is unknown. Compared to the even-mass neighbors
of 132Xe, the decay of the Jπ = 10+

1 state is remarkably
hindered (T1/2 = 8.39(11) ms [37]). A fully aligned νh−2

11/2
two-neutron-hole configuration was assigned to the state [38].
The Jπ = 10+

1 state decays predominantly via an E3 γ ray to
the Jπ = (7−

1 ) state, competitive E2 decays were not observed
yet. Consequently, it is likely that the Jπ = 8+

1 state is located
very close in energy to the Jπ = 10+

1 isomer, resulting in a
pronounced backbending. This assumption is supported by
shell-model calculations [39]. To shade light on the nuclear
structure of 132Xe around the Jπ = 10+

1 state, the high-spin
structures of the odd-mass neighboring nuclei can be used to
investigate the inert core 132Xe by means of a semiclassical
description within the particle-plus-rotor picture. In 133Xe
the single-particle character dominates over the collective
character [39].
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FIG. 1. Total aligned angular momentum against the rotational frequency h̄ω for the yrast bands in the Xe isotopes with masses ranging
from A = 117 to A = 132. For definitions see text. Going toward the N = 82 shell closure, backbending occurs between the J π = 10+

1 and
12+

1 states in 126Xe and between the J π = 8+
1 and J π = 10+

1 states in 128,130Xe. In 132Xe the position of the J π = 8+
1 state is not known to date.

Data extracted from Ref. [32].

For the lower odd-mass neighbors of 131Xe, 125Xe, and
127Xe, both low-spin structures from 3He- and α-induced
reactions [40,41] and elaborate high-spin information from
heavy-ion reactions are available. High-spin states of 125Xe
were studied at the OSIRIS Compton-suppressed γ -ray spec-
trometer via the 116Cd(13C,4n) reaction by Granderath et al.
[42] and via the 48Ca(82Se,5n) reaction by Wiedenhöver et al.
[43] up to 8.7 MeV. Later, the level scheme and high-spin band
structures were significantly extended by Moon et al. [15] and
Al-Khatib et al. [44], respectively. The favored (π = −1,α =
−1/2) negative-parity yrast band built on theJπ = 11/2−

1 state
is known up to Jπ = (47/2−). An alignment at a frequency of
h̄ω ≈ 0.48 MeV was observed. Granderath et al. [42] proposed
a triaxial deformation in the negative-parity band according to
calculations in the framework of the triaxial rotor-plus-particle
(TRP) model. The crossing in the (π = −1,α = −1/2) band
was assigned to an alignment of a second pair of h11/2 neutrons
according to theoretical Routhians from CSM calculations.
The alignment of the first pair of h11/2 neutrons was assumed to
be blocked. The findings were reproduced by Moon et al. [15]
who assigned the negative-parity yrast band a νh11/2[523]7/2
Nilsson configuration from total Routhian surface (TRS) and
CSM calculations.

In 127Xe, high-spin states were thoroughly studied after
48Ca(82Se,3n) reactions at 275 MeV [43]. The negative-parity
ground-state band was extended up to 9.5 MeV and a spin of
Jπ = (51/2−). A band crossing was observed at slightly lower
frequencies compared to 125Xe. This observation corroborated
a νh−3

11/2 neutron alignment similar to 125Xe [45], however, no
theoretical description is available in the literature to date.

Going toward the N = 82 shell closure, 129Xe is the last
nucleus which can still be sufficiently populated by means of
heavy-ion reactions with stable beams heavier than A = 4.
In 2016, Huang et al. [16] extended the level scheme of
the negative-parity ground-state band (α = −1/2) up to the
Jπ = 35/2−

1 state at 5194 keV utilizing a 9Be-induced fusion-
evaporation reaction on a 124Sn target at a beam energy of
36 MeV. The Nilsson configuration for the band was deter-
mined to be νh11/2 [505] 11/2. An alignment in the negative-

parity ground-state band was found at a crossing frequency
of approx. h̄ω ≈ 0.45 MeV. Cranked shell-model calculations
predicted an alignment of two h11/2 protons at h̄ω ≈ 0.5 MeV.
However, the alignment of two h11/2 neutrons was predicted at
h̄ω ≈ 0.27 MeV. Since the proton crossing frequency matched
the experimental observation, the backbending was explained
as an alignment of two h11/2 protons. Furthermore, particle-
plus-rotor model calculations suggested a triaxial deformation
with γ ≈ −30◦ in the negative-parity ground-state band.

This work focuses on the hitherto unknown high-spin
structures above the 2518-keV state in the negative-parity
band in 131Xe. Excited states in 131Xe were populated in three
different experiments. Multinucleon-transfer reactions have
proved to be an efficient way for the population of intermediate
to high-spin states. The combination of the high-resolution
position-sensitive Advanced γ -Tracking Array (AGATA) [46]
and the PRISMA magnetic mass spectrometer [47–49] at
the Laboratori Nazionali di Legnaro (LNL, Italy) was em-
ployed to study transitions in 131Xe after 136Xe + 208Pb and
136Xe + 238U multinucleon transfer. Furthermore, 131Xe was
populated in a 124Sn(11B, p3n)131Xe fusion-evaporation re-
action employing the High-efficiency Observatory for γ -Ray
Unique Spectroscopy (HORUS) [50] at the Institute of Nuclear
Physics, University of Cologne. The γ -ray array was coupled
to a double-sided silicon strip detector (DSSSD) [51] for the
detection of evaporated protons.

This paper is organized as follows: the experimental setup
and data analysis of the three experiments are described in
Sec. II, followed by the experimental results in Sec. III. A
comparison with results from modern shell-model calculations
is presented in Sec. IV before the paper closes with a summary
and conclusions in Sec. V.

II. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

A. 136Xe + 208Pb and 136Xe + 238U multinucleon transfer

Excited states in 131Xe were populated in (i) a 136Xe + 208Pb
and (ii) a 136Xe + 238U multinucleon-transfer experiment in
the five-neutron stripping channel at the Laboratori Nazionali
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di Legnaro (LNL), Italy. In the first experiment, a 6.84
MeV/nucleon 136Xe beam, delivered by the PIAVE+ALPI
accelerator complex, impinged onto a 1-mg/cm2 208Pb target.
AGATA [46] was employed in a first demonstrator configu-
ration [52] with nine large-volume electronically segmented
high-purity Ge (HPGe) detectors in three triple cryostats [53]
to measure γ rays from excited states. The array was placed
at a distance of 18.8 cm from the target position. Details on
the setup and data analysis are given in Refs. [54,55]. In the
second experiment, the PIAVE+ALPI accelerator provided a
136Xe beam with an energy of 7.35 MeV/nucleon and a beam
current of 2 pnA to subsequently bombard two different 238U
targets with thicknesses of 1 and 2 mg/cm2. A 0.8-mg/cm2

Nb backing faced the beam. AGATA was employed in its
full demonstrator configuration with 15 HPGe detectors in
five triple cryostats placed in the nominal position, 23.5 cm
away from the target. Information on the data analysis of this
experiment is comprised in Ref. [56]. In both experiments
the light projectilelike reaction fragments of interest were
identified by the magnetic spectrometer PRISMA [47–49]
placed at the reaction’s grazing angle of θlab = 42◦ in the
136Xe + 208Pb experiment and θlab = 50◦ in the 136Xe + 238U
experiment, respectively. Pulse-shape analysis of the digitized
detector signals was applied to determine the individual inter-
action points within the HPGe shell [57], allowing the Orsay
forward-tracking algorithm [58] to reconstruct the individual
γ -ray energies, determine the first interaction point of the γ ray
in the germanium and, thus, the emission angle. Together with
the kinematic information from PRISMA, a precise Doppler
correction was performed on a event-by-event basis.

B. 11B + 124Sn fusion evaporation

Excited states in 131Xe were populated via the fusion-
evaporation reaction 124Sn(11B, p3n)131Xe. A 54-MeV 11B
beam, delivered by the FN Tandem accelerator located at the
Institute for Nuclear Physics, University of Cologne, impinged
onto a 3-mg/cm2 95.3%-enriched 124Sn target, which was
evaporated on a 2.7-mg/cm2 nat.Ta backing. All residual
reaction products were stopped in the target layers. γ rays from
excited states were measured employing the HORUS γ -ray
array [50] comprising 14 HPGe detectors, six of them equipped
with BGO Compton suppression shields. The detectors are
positioned on the eight corners and six faces of a cube
geometry. The count rate of the individual HPGe crystals was
maintained around 18 kHz during the experiment.

Compared to preceding α-induced reactions [29–31] a 11B
beam is better suited for the population of the high-spin
regime. Nevertheless, at a beam energy of 54 MeV, several
fusion-evaporation codes compute the relative cross section
for the population of 131Xe to be in the range of less than 1%.
A detection of evaporated charged particles is imperative to
cope with the large background emerging from the dominating
131,130Cs neutron evaporation channels. By setting a gate on
evaporated charged particles, the peak to background ratio for
the p3n channel 131Xe can be enhanced significantly. For this
reason, evaporated charged particles were detected with an
annular double-sided silicon strip detector (DSSSD) mounted
at backward direction covering an angular range from 118◦
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FIG. 2. Level scheme assigned to 131Xe in the present study.
Transition and excitation energies are given in keV. Intensities of the
cascades above the 164-keV isomer are deduced from the HORUS
experiment and normalized to the 642-keV transition. New γ -ray
transitions are marked in red with asterisks. See text for details.

to 163◦ with respect to the beam axis. The 310-μm-thick
silicon disk was produced by RADCON Ltd. (Zelenograd,
Russia) and mounted and bonded onto printed circuit boards
at the University of Lund, Sweden. The active detector area is
divided into 64 radial segments (sectors) on the p-type junction
side and into 32 annular segments (rings) on the ohmic n-side
facing the target. Each two adjacent ring signals were merged
together and read out, to distribute the 32 rings to a total of 16
data acquisition channels. Further information and a detailed
characterization of the detector are given in Ref. [51]. The
DSSSD was shielded against backscattered beam particles
by a 25-μm thick tantalum sheet held in place by a 3-μm
Tesa adhesive applied onto a 2-μm polyethylene terephthalate
carrier foil [59]. The thickness of the Ta sheet was chosen in
such a way that only evaporated protons could reach the Si
detector disk.

Coincident events were processed and recorded utilizing
the synchronized 80-MHz XIA digital γ finder (DGF) data-
acquisition system and stored to disk. The data were analyzed
offline using the SOCO-V2 [60] and TV [61] codes. A total
number of 1.5×1010 prompt γ γ events and 3×106 proton-
gated γ γ events were recorded. Events were sorted into (i)
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FIG. 3. (a) Doppler-corrected γ -ray spectrum gated on 131Xe identified with PRISMA in the 136Xe + 208Pb experiment. Random background
is subtracted with a gate on the prompt peak in the spectrum of time differences between AGATA and PRISMA. (c) Similar data from the
136Xe + 238U experiment. Both insets (b) and (d) represent the mass spectra of the Xe isotopes obtained with PRISMA. The applied mass gates
for 131Xe are marked black. (e) Projection of the γ γ matrix gated on evaporated protons [cf. inset (f)] obtained in the HORUS fusion-evaporation
reaction 11B + 124Sn. Remaining contaminant transitions are marked with symbols and dominant transitions from 131Xe are marked with dashed
lines to guide the eye.

a general symmetrized two-dimensional matrix to study γ γ
coincidence relations, (ii) two three-dimensional cubes for
DSSSD-Ge-Ge and Ge-Ge-Ge coincidences, and (iii) a total of
eight group matrices each corresponding to Ge detector pairs
with relative angles θ1,2 ∈ {35,45,90,135,145} with respect to
the beam axis, and angles φ ∈ {±270,±215,±180,±,55,0}
between the planes spanned by the Ge detectors and the
beam axis to investigate multipolarities via angular corre-
lations. Spins of populated states are investigated with the
γ γ angular-correlation code CORLEONE [62,63] employing
the directional correlation from oriented states (DCO) based
on the phase convention by Krane, Steffen, and Wheeler
[64,65]. Different hypotheses of involved spins J1,J2,J3 and
multipole-mixing ratios δ1,δ2 of two coincident γ rays in a

cascade J1
δ1−−−→ J2

δ2−−−→ J3 are evaluated in χ2 fits of
the correlation function W (θ1,θ2,φ) ≡ W (J1,J2,J3,δ1,δ2,σ )
on experimental intensities in the different angular-correlation
groups. The width of the distribution of the magnetic substates
m, i.e., the width of the alignment distribution, was found to
be constant at σ = 2.6. More details on the angular-correlation
analysis with CORLEONE are given in Refs. [66,67].

III. RESULTS

The final level scheme of 131Xe deduced from the three ex-
periments is presented in Fig. 2. It is based on γ γ coincidences,

relative transition intensities, and an angular-correlation anal-
ysis. Energies of γ -ray transitions and excitation energies
are given in keV. Intensities of γ -ray transitions above the
Jπ = 11/2−

1 isomeric state are extracted from the HORUS
experiment and normalized to the 642-keV transition. Newly
assigned γ -ray transitions are marked with asterisks.

The beam-like Doppler-corrected singles γ -ray spectra
of 131Xe from the 136Xe + 208Pb and 136Xe + 238U AGATA
experiments are shown in Figs. 3(a) and 3(c), respectively.
The corresponding Xe mass distributions are depicted in the
insets Figs. 3(b) and 3(d). Random background is significantly
suppressed by gating on the prompt peak in the time-difference
distribution between AGATA and PRISMA. Prominent transi-
tions are marked with dotted lines to guide the eye. Energies,
spin/parity assignments, and relative in-beam intensities of
transitions in 131Xe, observed in both AGATA experiments,
are summarized in the right-hand side of Table I. Efficiency-
corrected relative in-beam intensities in Table I were deter-
mined for the 136Xe + 208Pb experiment and normalized to the
642-keV transition. In total, the γ -ray spectra exhibit eight
hitherto known peaks and nine new transitions. None of the
known low-spin positive-parity excited states below 2 MeV
[30,31] were populated. γ rays with energies of 188, 389,
642, 810, 901, and 992 keV depopulating the hitherto known
positive- and negative-parity states [31] above the Jπ = 11/2−

1
isomer are clearly visible in the spectra. In addition, the decays
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TABLE I. Energies, spin assignments, and relative in-beam intensities for transitions observed in 131Xe above the J π = 11/2−
1 isomer at

164 keV. Fitted energies and intensities normalized to the 642-keV transition are taken from the 11B + 124Sn fusion-evaporation experiment
and the AGATA 136Xe + 208Pb multinucleon-transfer experiment.

HORUS AGATA

Eγ (keV) Ei (keV) Ef (keV) Iπ
i I π

f Iγ Eγ (keV) Iγ

189.2 1805.4 1616.2 19/2+ 19/2− 29(2) 189 Weak
389.2 2194.6 1805.4 23/2+ 19/2+ 30(4) 389 41(4)
634.0 3813.7 3179.7 27/2− 23/2− 24(4) 634 36(3)
642.0 805.9 163.9 15/2− 11/2− ≡100 642 ≡100
662.1 3179.7 2517.6 (31/2−) 27/2− 32(3) 662 48(4)
810.3 1616.2 805.9 19/2− 15/2− 87.7(4) 810 78(7)
901.4 2517.6 1616.2 23/2− 19/2− 58.6(6) 901 60(3)
991.8 3186.4 2194.6 – 23/2+ 18(3) 992 25(3)
1131.2 4944.9 3813.7 (35/2−) (31/2−) 15(2) 1131 29(2)

– – – – – – 230 Weak
– 2249.3 1805.4 21/2+ 19/2+ – 444 25(2)
– – – – – – 473 19(2)
– – – – – – 609 Weak
– – – – – – 671 15(2)
– – – – – – 700 12(2
– 1600 805.9 17/2− 15/2− – 794 Weak
– – – – – – 915 12(2)

of the Jπ = 21/2+
1 and 17/2−

1 states at energies of 444 and
794 keV are observed in the MNT experiments. The peaks
at 230, 473, 609, 634, 662, 671, 700, 915, and 1131 keV are
candidates for new transitions in 131Xe.

In the 11B + 124Sn fusion-evaporation experiment, a particle
trigger is crucial to cope with the significant contribution from
xn evaporation channels to achieve clean gating conditions for
a γ γ coincidence analysis. The projection of the proton-gated
γ γ matrix is shown in Fig. 3(e). Evaporation residues are
identified and selected in the matrix depicted in inset Fig. 3(f),
where the energy detected by the DSSSD is plotted versus
the HORUS γ -ray energy. Evaporated protons are expected in
an energy range of approx. 1 to 6 MeV. Low-energy random
coincidences are mainly caused by the detection of low-energy
δ electrons and β particles. A gate on proton energies larger
than 1 MeV is applied; in the resulting γ γ projection several
transitions of the proton-evaporation channels 130,131Xe are
well visible above the background. Remaining contaminant
transitions from Cs and Pt isotopes are marked by symbols in
Fig. 3(e).

The intensities of the coincident γ rays in the HORUS
experiment are summarized in the left-hand side of Table I.
All intensities are efficiency corrected and normalized to the
intensity of the 642-keV transition. The uncertainties in the
transition energies are ±0.5 keV. Spin/parity assignments
are supported by systematics, shell-model calculations and
angular-correlation measurements. Various HORUS prompt
γ γ -coincidence spectra are shown in Figs. 4(a)–4(g). The
decay of the Jπ = 11/2−

1 isomer is not observed due to its
long half-life of 11.8 days [28]. Figure 4(a) presents the γ -ray
spectrum with a gate on the 642-keV transition. Coincidences
are labeled with filled arrow heads. The spectrum exhibits
anticipated coincidences at 810, 901, 189, 389, and 992 keV.

Beside transitions from 130,131Cs, contaminant peaks are
caused by the ground-state band of 188Pt [68] stemming from
a dominant fusion-evaporation reaction in the 181Ta backing of
the target. All three known γ rays in the positive-parity band
with energies of 189, 389, and 992 keV are mutually coincident
in the HORUS experiment and were arranged according to their
intensity balance as proposed by Kerek et al. [31]. Unassigned
peaks at 634, 662, and 1131 keV, observed in both AGATA
experiments, are coincident to the 642-keV transition. The
γ -ray transitions are also in coincidence with the 810-keV tran-
sition in Fig. 4(b). Previously, a 901-keV transition was placed

parallel to the 3186 keV
992 keV−−−→ 23/2+

1
389 keV−−−→ 19/2+

1
189 keV−−−→

19/2−
1 cascade, depopulating the 2518-keV state. A gate on the

901-keV transition is shown in Fig. 4(c). Coincidences as well
as the intensity balance require the newly observed 662-, 634-,
and 1131-keV transitions to be placed above the 2518-keV
state. Gates on those newly observed transitions are shown in
Figs. 4(d)–4(f). All three γ rays are mutually coincident and,
thus, form a cascade. The intensity balance in the γ γ projection
gated on the 901-keV transition suggests that the 662-keV
transition is directly feeding the 2518-keV state. The intensity
of the 634-keV γ -ray peak in the γ γ -coincidence spectrum
gated on 901 and 662 keV exceeds the one of the 1131-keV
line. In accordance with the intensity balance, the 634-keV
transition is placed on top of the newly discovered state at
3180 keV to form the new 3814-keV state. The 1131-keV
transition is placed on top of the cascade to establish a
new state at 4945 keV. Furthermore, the intensity balance of
the three new γ rays determined in the AGATA experiment
confirms this assignment. Also, the γ γ γ -triple coincidence
spectrum with gates on both the 810- and 1131-keV transitions
supports a placement of the transitions on top of the 2518-keV
state. The maximum excitation energy of approximately
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5 MeV is consistent with other populated reaction channels
in both AGATA@LNL experiments [39,69,70]. Unassigned
γ -ray transitions observed with AGATA and listed in Table I
do not yield meaningful γ -γ coincidences in the HORUS
experiment. A placement in the level scheme is not feasible.

In the HORUS experiment spins and parities of excited
states are investigated utilizing the angular-correlation anal-
ysis described in Sec. II B. A fit of the theoretical angular-
distribution function W (θ1,θ2,φ) to the experimental intensi-
ties of two coincident γ -ray transitions deduced from gates
on depopulating transitions in the γ γ matrices related to
the eight angular-correlation groups are performed for each
spin hypothesis. To benchmark the validity of the angular

correlation analysis, a fit of the 13+ → 12+ 417-keV transition
in the well populated 130Cs channel is shown in Fig. 5(a). The
obtained multipole-mixing ratio δexp. = −0.11(4) reproduces
the evaluated value δlit. = −0.14(6) [71]. A further benchmark
angular-correlation distribution of the 810-keV transition in
131Xe, gated on the 642-keV transition, is shown in Fig. 5(b).
The multipolarity of the 642-keV γ ray is fixed to an E2
character, while the spin of the 1616-keV state is tested with
values of J = 15/2, 17/2, and 19/2. Obviously, a pure E2
hypothesis yields best results. Figure 5(c) shows the angular-
correlation distribution of the 901-810-keV cascade in 131Xe.
Spin hypotheses of J = 19/2, 21/2, and 23/2 were tested
for the 2518-keV state. Overall, the Jπ = 23/2− hypothesis
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810–642-keV, (c) of the 901–810-keV, and (d) of the 662–901-keV
cascade in 131Xe. See text for details.

matches the experimental values best (χ2 = 1.7). The previous
tentative spin-parity assignment of Jπ = 21/2− [31] has to
be revised. Using the same method, the spin of the newly
established excited state at 3180 keV is determined. The
angular distribution of the 662-keV decay is shown in Fig. 5(d).
The J = 23/2 and 25/2 spin hypotheses show discrepancies
between the experimental and the calculated intensities in
several correlation groups leading to χ2 = 3.1 and χ2 = 2.9,
respectively. Based on the experimental data, a Jπ = 27/2−

1
assignment (χ2 = 1.9) is most appropriate. Summarizing,
there is strong evidence for an E2 character of the 662- and
634-keV transitions. No accurate analysis of the γ γ angular
correlations for the weakly populated excited states at 3814
keV and 4945 keV were possible due to insufficient statistics.
However, tentative spin assignments of (31/2−

1 ) and (35/2−
1 )

are most probable due to isotopic systematics discussed in
Sec. IV A.
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FIG. 6. Evolution of excited states in the negative-parity band
along (a) the odd-mass N = 77 isotones from Z = 50 to Z = 64
[72–77] and along (b) the odd-mass Z = 54 isotopes from N = 69
to N = 77 [16,43,78]. Newly discovered states in 131Xe are marked
with thick lines. (c) Net aligned angular momenta ix(h̄) of favored
negative-parity bands in odd-mass 123−131Xe isotopes as a function of
the rotational frequency h̄ω.

IV. DISCUSSION

A. Systematics along Z = 54

Figure 6(a) shows the evolution of the negative-parity yrast
band states along the N = 77 isotones from Sn to Gd [72–77].
The newly established states of 131Xe are marked with thicker
lines. The reevaluated Jπ = 23/2−

1 state in 131Xe is 7 keV
higher in excitation energy compared to the corresponding state
in 129Te, thus, the 2518-keV state in 131Xe fits the systematics
of Jπ = 23/2−

1 states from 129Te to 133Ba. In contrast, the
previous Jπ = 21/2−

1 assignment would disrupt the smooth
evolution of the Jπ = 21/2−

1 states in the N = 77 isotones.
The newly assigned Jπ = 27/2−

1 state at 3180 keV is located
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between the excitation energies of the Jπ = 27/2−
1 states in

both neighboring odd-mass nuclei, which further supports the
spin assignment. Also the newly assigned states at 3814 and
4945 keV fit into the systematics. Figure 6(b) compares the
levels in the favored negative-parity band in 131Xe from the
present work with those in the odd-mass nuclei 123−129Xe
[16,43,78]. The midshell nuclei 123−127Xe exhibit excitation
spectra which are rotational in character. Toward 131Xe a
characteristic transition to a vibrational character is observed.

The net aligned angular momentum ix(ω) for the fa-
vored negative-parity band along the odd-mass Xe isotopes
is presented in Fig. 6(c). The parameter ix is determined by
subtracting the collective part from the total aligned angular
momentum: ix = Ix − Ix,coll. where Ix,coll. = aω + cω3 fol-
lows the parametrization by Harris et al. [79]. For 133Xe the
collective Harris parametrization fails due to a non-rotational
single particle character of this isotope. All Xe isotopes
exhibit a pronounced upbend. The crossing frequency at which
the alignment occurs is mass-dependent and decreases with
increasing mass. A delayed upbend in 123,125Xe takes place at
a higher frequency compared to the neighboring nuclei. This
behavior is explained by the Pauli blocking of the first pair
of h11/2 neutrons [42,43]. In 129Xe a pronounced upbend is
found. Huang et al. [16] explained the upbend by an alignment
of two h11/2 protons according to CSM calculations [16].
The negative-parity band in 131Xe exhibits a large increase
of approx. 7h̄ in aligned angular momentum, accompanied
by a decrease of rotational frequency. Similar to the −2n
partner, the alignment takes place at the newly established
Jπ = 27/2−

1 state in 131Xe. Since the bandhead of the favored
negative-parity band already shows an initial alignment of
J = 11/2h̄, the observed h2

11/2 bandcrossing is blocked, i.e.
not the fully aligned 10h̄ are observed. Following the strong
backbending, a remarkable jump back to an alignment of 1h̄
is observed with the 1131-keV transition.

B. Shell-model calculations

The extended level scheme of 131Xe is confronted with
theoretical predictions from five large-scale shell-model calcu-
lations in the gdsh valence space outside doubly-magic 100Sn.

The first calculation was carried out in the framework of the
pair-truncated shell model using a phenomenological interac-
tion, denoted as PQM130 (Pairing+QQ+Multipole for mass
region 130). The approach leverages a pairing-plus-quadrupole
interaction that consists of spherical single-particle energies,
a monopole-pairing, a quadrupole-pairing, and a quadrupole-
quadrupole interaction. The Hamiltonian in each neutron and
proton space is diagonalized separately and afterwards the
total Hamiltonian is diagonalized in the truncated space. More
details on the calculation are given in Refs. [17,80,81].

The second calculation was carried out employing the com-
puter codes NUSHELLX@MSU [82] and KSHELL [83] in the
untruncated gdsh model space with the jj55pna Hamiltonian
(referred to as the SN100PN interaction) [84]. The Hamiltonian
consists of four parts, treating the neutron-neutron, neutron-
proton, proton-proton, and Coulomb repulsion between the
protons. The realistic two-body residual interaction is based on
a renormalized G matrix derived from the CD-Bonn interaction

[85]. The neutron-neutron G-matrix elements, written in the
hole-hole formalism, are multiplied by a factor 0.9 to improve
results for 130Sn. The proton and neutron single-particle ener-
gies are based upon the energy levels in 133Sb and 131Sn.

In addition, a calculation with the effective interaction
GCN50:82 [86,87] was performed with the program KSHELL.
Like the SN100PN interaction, the interaction is derived from
a realistic G matrix based on the CD-Bonn potential. However,
by fitting different combinations of two-body matrix elements
to sets of experimental excitation energies from even-even and
even-odd semi-magic nuclei, empirical corrections are added
to the original G matrix. By using this approach, mainly the
monopole part of the interaction is optimized.

Another calculation was conducted in the framework of
the realistic shell model (referred to as realistic SM) [88].
Single-particle energies and the two-body effective interaction
are determined via the Vlow-k approach from the CD-Bonn
free nucleon-nucleon potential [85] with a cutoff momentum
of 
 = 2.6 fm−1. The effective shell-model Hamiltonian is
derived by means of the many-body perturbation theory in the
so-called folded-diagram expansion or Q̂-box formalism.

The last calculation, called SN100-KTH, is a monopole-
optimized realistic interaction, derived via the Monte Carlo
global optimization approach from the G matrix of the CD-
Bonn nucleon-nucleon potential [85] by fitting the low-lying
states in Sn isotopes. The calculation was performed with the
program KSHELL. It was shown that the calculations reproduce
well the excitation energies and E2 transition probabilities in
even-even Te isotopes [89,90].

Figure 7 compares the experimentally determined energies
of the first excited states [Fig. 7(a)] with the results of all five
shell-model calculations [Figs. 7(b) PQM130, 7(c) SN100PN,
7(d) GCN50:82, 7(e) realistic SM, and 7(f) SN100-KTH].
The states are separated into columns for the (i) negative-
and (ii) the positive-parity states. The angular momentum of
the Jπ = 3/2+

1 ground state is reproduced by the PQM130,
GCN50:82, SN100-KTH, and realistic SM interactions; how-
ever, the SN100PN interaction reverses the first Jπ = 3/2+

1
and 1/2+

1 states. The Jπ = 11/2−
1 state with a neutron-hole

configuration at 164 keV is best reproduced by the SN100PN,
GCN50:82, and SN100-KTH interactions with deviations of
only 97, 74, and 27 keV, respectively. The realistic SM
calculation computes the level energy 157 keV too low, while
the PQM130 calculation is the only one which predicts the state
137 keV too high. The excitation energies of the first excited
positive-parity states Jπ = 5/2+

1 , 7/2+
1 , 9/2+

1 , and 11/2+
1 are

fairly reproduced by all five calculations. The experimental
Jπ = 13/2−

1 state is 239 keV higher in energy with respect
to the Jπ = 15/2−

1 state. SN100PN, SN100-KTH, and the
realistic SM calculate the energy differences to be 151, 35, and
115 keV, respectively, while PQM130 and GCN50:82 reverse
the ordering of both states. Also, the ordering of the first excited
Jπ = 21/2+

1 and 23/2+
1 states and of the almost degenerate

Jπ = 19/2−
1 and 17/2−

1 states are predicted differently by the
five calculations. The experimental energy difference between
the Jπ = 21/2+

1 and 23/2+
1 states is 55 keV. This energy

difference is predicted slightly larger by the SN100PN, realistic
SM, and the GCN50:82 interactions with deviations of 231,
225, and 292 keV, respectively, while PQM130 transposes
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FIG. 7. Comparison of experimental energy spectra with the results of shell-model calculations for 131Xe. (a) Experimental energy spectrum.
The results obtained with the different interactions are separated in different columns: (b) PQM130, (c) SN100PN, (d) GCN50:82, (e) realistic
SM, and (f) SN100-KTH. For clarity, the states are arranged into two columns for the negative- and the positive-parity states.

both states. The ordering of the Jπ = 19/2−
1 and 17/2−

1
states is predicted correctly by the PQM130, GCN50:82,
and SN100-KTH interactions. The calculations suggest that
the yet unassigned state on top of the positive-parity band
at 3186.4 keV can most likely be interpreted as the first
Jπ = 25/2+

1 or 27/2+
1 state. Figure 8 compares the energy
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FIG. 8. Energy differences between experimental and calculated
excitation energies with different shell-model interactions plotted
against the spin of the state.

differences between experimental and predicted level energies
of the five calculations along the favored negative-parity band
in greater detail. Going to higher spins (Jπ � 23/2−

1 ), the
energy differences in the different calculations amount up
to 747 keV for the Jπ = 31/2−

1 state. The high-spin states
calculated by the SN100PN interaction are more compressed
than in the spectra of the other interactions. All five calculations
tend to group pairs of spins (Jπ = 25/2−

1 ; 27/2−
1 ), (Jπ =

29/2−
1 ; 31/2−

1 ) and (Jπ = 33/2−
1 ; 35/2−

1 ). Therefore, spin
assignments of the newly observed states at 3813.7 (Jπ =
31/2−

1 ) and 4944.9 keV (Jπ = 35/2−
1 ) are tentative. The

SN100PN, GCN50:82, SN100-KTH, and realistic SM tend
to underestimate the excitation energies of states in the high-
spin regime, while the PQM130 interaction tends to slightly
overestimate the excitation energies.

In addition to the excitation energies, reduced transi-
tion probabilities were obtained from in the SN100PN and
PQM130 calculations. Kerek et al. [31] determined the half-
life of the Jπ = 19/2+

1 state in 131Xe at 1805 keV to be
14(3) ns. Neglecting M2 contributions, the experimental
B(E1; 19/2+

1 → 19/2−
1 ) value is 4×10−6e2fm2, which is con-

sistent with the result of the SN100PN interaction; however,
the lower numerical limit for transition strengths in KSHELL is
10−4e2fm2. This value fits into the evolution of the half-lives

014309-10



HIGH-SPIN STRUCTURE IN THE TRANSITIONAL … PHYSICAL REVIEW C 98, 014309 (2018)

0

0.25

0.5

1
1/

2−

1
5/

2
−

1
9/

2−

2
3/

2
−

27
/
2
−

31
/2

−

3
5/

2−

(b)

P
ro

to
n
π
h
1
1
/
2

11
/
2−

1
5/

2−

1
9/

2−

2
3/

2
−

2
7/

2−

3
1
/
2
−

3
5/

2−

(d)

1
1/

2−

15
/
2
−

1
9/

2−

2
3/

2−

2
7/

2−

3
1/

2
−

3
5/

2−

(f)

9

9.5

10

131Xe SN100PN

(a)

N
eu

tr
on

ν
h
1
1
/
2

131Xe GCN50:82

(c)

129Xe SN100PN

(e)

o
cc

u
p
at

io
n

n
u
m

b
er

Spin Jπ (h̄ nipS) Jπ (h̄ nipS) Jπ (h̄)

o
cc

u
p
at

io
n

n
u
m

b
er

FIG. 9. Average neutron (top row) and proton (bottom row) occupation numbers in the proton and neutron h11/2 orbitals in 131Xe, calculated
with the (a), (b) SN100PN and (c), (d) GCN50:82 interaction. (e), (f) Similar results for 129Xe calculated with the SN100PN interaction.

of the Jπ = 19/2+
1 states along the N = 77 isotones. In 127Sn

the Jπ = 19/2+
1 state has a long half-life of 4.52(15) µs [72],

while in 133Ba and 135Ce the Jπ = 19/2+
1 states have half-lives

between 2 and 5 ns [91] and 8.2(4) ns [92], respectively. In 129Te
no corresponding Jπ = 19/2+

1 state has been discovered so far.
Furthermore, the isotones along the N = 77 chain exhibit

several Jπ = 23/2+
1 isomers. In 127Sn the experimental half-

life is 1.19(13) µs [72]. The next odd-mass isotone along the
N = 77 chain, 129Te, has a Jπ = 23/2+

1 state with a half-life
of 33(3) ns [93]. So far, no experimental indication for a
long-lived component of the Jπ = 23/2−

1 state in 131Xe is re-
ported in the literature. Interestingly, the SN100PN interaction
computes the B(E2; 23/2+

1 → 19/2+
1 ) value to be 6.421 W.u.

in 131Xe, corresponding to a lifetime of τ ≈ 1.4 ns. Standard
effective charges, eπ = 1.5e and eν = 0.5e, are used in the
SN100PN calculation. Furthermore, the PQM130 calculation
predicts a B(E2; 23/2+

1 → 19/2+
1 ) value of 0.348 W.u., cor-

responding to a lifetime of ≈ 8 ns. Teruya et al. uses effective
charges of eν = −1.1 (due to the neutron-hole character) and
eπ = 1.6.

To compare the observed backbending in 131Xe with the
odd-mass isotopic neighbors, shell-model calculations were
performed for negative-parity states above the Jπ = 11/2−

1
state in 129Xe. These calculations utilizing the SN100PN
interaction are computationally demanding with an m-scheme
dimension of 2.4×109 for the Jπ = 11/2−

1 state.
The evolution of the average occupation numbers of the

proton and neutron single-particle orbits πh11/2 and νh11/2

in the favored negative-parity band of 131Xe, calculated by
the SN100PN and GCN50:82 interactions, are presented in
Figs. 9(a)–9(d). Similar results from a SN100PN calculation
for 129Xe are shown in Figs. 9(e) and 9(f). Backbending and
upbending states in 129Xe and 131Xe are highlighted gray.
In 131Xe, both calculations predict a continuous decrease of
occupation in the neutron intruder orbital νh11/2 until it reaches

an occupancy of Nν ≈ 9 in the backbending Jπ = 27/2−
1 state.

The decrease of occupation in the νh11/2 orbital is mainly
balanced by the increase of occupation in the νd5/2 and νg7/2

orbitals. For higher-lying states (Jπ � 27/2−
1 ), the νh11/2

occupation stays constant.
The proton occupancy of the πh11/2 orbital in 131Xe is pre-

dicted to be Nπ ≈ 0.2 by both calculations for the Jπ = 19/2−
1

and 23/2−
1 states [Figs. 9(b) and 9(d)]. Going to higher spins

along the negative-parity band, the proton πh11/2 occupancy
increases. The occupancy is maximal for the backbending
states Jπ = 27/2−

1 and 31/2−
1 and decreases again after the

alignment. This observation is also in agreement with the re-
sults of the realistic SM calculation were an sharp increase of
the πh11/2 occupancy from 0.14 at the Jπ = 23/2−

1 state
to 0.34 at the Jπ = 27/2−

1 state is computed. In 129Xe a
similar increase of proton occupancy in the πh11/2 orbital is
predicted with the emergence of alignment. The occupation
of this configuration persists in the known upbend states
with spins Jπ � 27/2−

1 . This finding agrees with previous
investigations within the framework of the cranked shell model
where an alignment of two h11/2 protons was proposed recently
[16]. Supported by the observation in 129Xe, the proton h11/2

configuration in 131Xe has a perturbative but decisive role for
the description of the structure of alignment states.

The role of the πh11/2 orbital is also scrutinized by a
detailed decomposition of the states along the favored negative-
parity band of 131Xe into their proton and neutron config-
urations in Figs. 10(a)–10(f) for the SN100PN interaction
and in Figs. 10(i)–10(n) for the GCN50:82 calculation. All
configurations which contribute more than two percent to the
overall configuration are shown; the Jπ = 15/2−

1 state is not
visualized for better clarity, nonetheless, the decomposition is
very similar to that of the Jπ = 11/2−

1 state. The percentages
of the three most probable configurations are written inside
the squares whose areas are proportional to their percentages.
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FIG. 10. Decomposition of selected states of 131Xe into their proton and neutron configurations computed by (a1)–(f1) the SN100PN and
(a2)–(f2) the GCN50:82 interaction. The three largest percentages are written inside the squares. Percentages below 2% are not visualized.

The decomposition suggests a highly fragmented structure of
131Xe.

In both calculations, the main components of the Jπ =
11/2−

1 state [cf. Figs. 10(a) and 10(i)] involve the coupling
of the neutron configuration ν(h−3

11/2d
−2
3/2) to the leading pro-

ton configurations π (g4
7/2) and π (g2

7/2d
2
5/2), respectively. The

emergence of the two-proton configurations in the g7/2 and
d5/2 orbitals suggests that these two orbitals are energetically
close to each other in the proton space. The configuration
π (g2

7/2d
2
5/2) is the leading proton configuration for both the

Jπ = 19/2−
1 (24.6% SN100PN; 20.5% GCN50:82) and Jπ =

23/2−
1 (23.4%; 21.1%) states. In addition, the proton configu-

ration π (g3
7/2d

1
5/2) is gaining significance and is almost equally

likely in the Jπ = 23/2−
1 state (20.0%; 16.9%). In addition to

the already mentioned ν(h−3
11/2d

−2
3/2) neutron configurations, a

competitive occupation of the ν(h−3
11/2d

−1
3/2s

−1
1/2) neutron config-

uration is observed from the Jπ = 19/2−
1 state onwards.

As discussed and shown in Fig. 6(c), a distinct back-
bending occurs at rotational frequencies corresponding to
the Jπ = 27/2−

1 and 31/2−
1 states. Going from the Jπ =

23/2−
1 to the Jπ = 27/2−

1 state, the decomposition matri-
ces of the configurations shown in Figs. 10(d) and 10(l)
show once again the emergence of a strong π (g4

7/2) proton
configuration. Simultaneously, the π (g3

7/2d
1
5/2) configuration

becomes insignificant. The occupation of two protons in
the g7/2 and d5/2 orbitals (31.9%; 31.5%) is slightly fa-
vored over the occupation of four protons in a pure g7/2

configuration (22.6%; 11.1%). It is also noteworthy that

SN100PN and GCN50:82 predict the proton h11/2 orbital to
contribute pertubatively to the Jπ = 27/2−

1 configuration as
well, which is consistent with the results presented in Figs. 9(b)
and 9(d).

For the configurations of the Jπ = 31/2−
1 state shown

in Figs. 10(e) and 10(m), a slight rearrangement of the
neutron occupancy from the ν(h−3

11/2d
−2
3/2) (23.4%; 31.3%)

to the ν(h−3
11/2d

−1
3/2s

−1
1/2) (19.8%; 23.2%) is predicted by both

interactions. Also the contribution of the proton h11/2 orbital
persists.

Going to higher spins, the configurations become even more
fragmented into configurations with less than 2%. As visible
in Fig. 6(c), the backbending is completed at the Jπ = 35/2−

1
state. The change in the nuclear structure is also observed in
Figs. 10(f) and 10(n). Configurations with π (g4

7/2) become
negligibly small, while the π (g3

7/2d
1
5/2) configuration, which

is negligible small in the backbending region, becomes again
a leading configuration. Furthermore, the contribution from
the proton h11/2 orbital becomes negligibly small after the
alignment at Jπ = 35/2−.

Figure 11 shows a similar decomposition of the
Jπ = 23/2−

1 , 27/2−
1 , 31/2−

1 , and 35/2−
1 states into their lead-

ing proton and neutron configurations, calculated with the
SN100PN interaction for 129Xe. Although neutron and proton
configurations are more fragmented, the proton configurations
before and at the alignment are similar to the ones in 131Xe. Like
in 131Xe, the π (g3

7/2d
1
5/2) configuration becomes less probable,

while the πh11/2 configuration contribute pertubatively to the
Jπ = 27/2−

1 and 31/2−
1 state in 129Xe. However, deviations
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FIG. 11. Decomposition of selected states of 129Xe into their pro-
ton and neutron configuration computed by the SN100PN interaction.

occur at the Jπ = 35/2−
1 state. Unlike in 131Xe [cf. Figs. 10(f)

and 10(n)], where a strong π (g3
7/2d

1
5/2) character returns to

prevail after the backbending, the configurations of the Jπ =
35/2−

1 state in 129Xe mirror the decompositions observed
for the upbend states Jπ = 27/2−

1 and 31/2−
1 . In particular,

the contributions from the πh11/2 remain unchanged. This
behavior confirms the experimentally observed evolution from
upbending in 129Xe to the remarkable backbending in 131Xe.

To inspect the alignment properties and the impact of πh11/2

protons in 131Xe and 129Xe, the results of the shell-model
calculations are reparametrized to the total aligned angular
momenta Ix as a function of the rotational frequency h̄ω.
The SN100PN and the GCN50:82 interactions are employed
in two separate calculations: (i) permitting excitations into
the πh11/2 orbital and (ii) prohibiting more than one proton
in the πh11/2 orbital. Figure 12(a) compares the extracted
theoretical and experimental total aligned angular momenta Ix

of 131Xe for calculations without any truncation. The critical
frequency at which alignment occurs is slightly underestimated
by the realistic SM and the SN100PN interaction, while the
GCN50:82 and SN100-KTH interactions predict the alignment
frequency in good agreement with the experiment. The experi-
mentally observed refold to the original Harris fit value with the
1131-keV transition after the alignment is predicted correctly
by all calculations, particularly by the GCN50:82 calculation.
In fact, all four theoretical calculations provide a fair agreement
of the experimental backbending pattern in 131Xe. However,
PQM130 does not to reproduce the backbending pattern.

Figure 12(b) compares the extracted theoretical and ex-
perimental total aligned angular momenta Ix of 131Xe with
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FIG. 12. (a) Comparison between experimental and calculated
total aligned angular momenta Ix as a function of the rotational
frequency h̄ω, employing the SN100PN, GCN50:82, SN100-KTH,
and realistic SM calculations for 131Xe. (b) Comparison between
experimental and calculated total aligned angular momenta Ix as a
function of the rotational frequency h̄ω, employing the SN100PN and
GCN50:82 with a truncation of only one allowed proton in the πh11/2

orbital. (c) Similar comparison for 129Xe employing the SN100PN
calculation: (i) untruncated and (ii) truncated with only one proton
allowed in the πh11/2 orbital. Experimental data for 129Xe are taken
from Ref. [16].

the truncation of only one proton in the πh11/2 orbital. The
SN100PN calculation with the πh11/2 truncation exhibits only
a weak upbend, while the truncated GCN50:82 calculation
predicts a weakened backbend, both at the position of the
Jπ = 31/2−

1 state. Moreover, both calculations do not repro-
duce the refolding after the alignment at the Jπ = (35/2−

1 )
state. Consequently, the small increase in the average proton
occupancy of the πh11/2 orbital has significant effects beyond
small perturbations.
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TABLE II. Calculated reduced quadrupole transition strengths B(E2 : Ji → Ji−2) of the favored negative-parity band in 131Xe employing
the SN100PN/GCN50:82 interaction with standard effective charges eπ = 1.5e and eν = 0.5e. The first calculation uses the complete gdsh

valence space; the second one prohibits more than one proton in the πh11/2 orbital.

Isotope Experiment Theory B(E2) ↓ (e2 fm4)

Ei (keV) J π
i Untruncated Truncated

131Xe 806 15/2−
1 588/530 559/593

1616 19/2−
1 821/767 601/748

2518 23/2−
1 932/929 804/883

3180 27/2−
1 287/30 782/859

3814 (31/2−
1 ) 574/306 444/44

4945 (35/2−
1 ) 556/346 568/329

The same approach is applied to 129Xe. Figure 12(c) com-
pares the experimentally determined Ix curve with untruncated
and truncated (only one proton allowed in the πh11/2 orbital)
SN100PN calculations. The critical frequency is again slightly
underestimated. A satisfactory reproduction of the experimen-
tally observed upbend is achieved by the untruncated calcula-
tion. The truncated calculation does not reproduce the upbend
pattern for Jπ � 31/2−

1 states in the yrast band. The LSSM
calculation supports the previous explanation of a πh2

11/2
proton alignment from cranked shell-model calculations in
Ref. [16].

The reduced transition strengths B(E2; J → J − 2) in the
vicinity of the backbending region is of special interest. It is
well known that in the neighborhood of the band crossing a
minimum in the B(E2) values is caused by the interaction
between the bands [94], therefore, a minimum B(E2) value
for the 27/2−

1 → 23/2−
1 decay in 131Xe is expected. The

B(E2) values calculated for transitions in the yrast band in
131Xe are shown in Table II employing the SN100PN and
the GCN50:82 interaction with standard effective charges
eπ = 1.5e and eν = 0.5e. The theoretical values are arranged
into two columns for the untruncated calculation (left) and
the truncated calculation where only one proton is allowed in
the πh11/2 orbital (right). The B(E2) values slightly increase
towards the 27/2−

1 → 23/2−
1 transition. The SN100PN cal-

culation yields a reduction of the E2 transition strength from
932 e2 fm4 for the decay of the Jπ = 23/2−

1 state to 287 e2 fm4

for the decay at the position of the alignment at Jπ = 27/2−
1 .

An even more pronounced reduction from 929 to 30 e2 fm4

is calculated by the GCN50:82. A similar result is given by
the realistic SM, where the 23/2−

1 → 19/2−
1 transition has

B(E2) = 275 e2 fm4, compared to B(E2) = 24 e2 fm4 for the
27/2−

1 → 23/2−
1 transition. Obviously, this result cannot be

reproduced by the truncated calculations without pairs in the
πh11/2 orbital. The alignment and the related reduced B(E2)
value is observed for the Jπ = 31/2−

1 state contradicting the
experimental findings. In summary, the reduced transition
strengths values provide a precise spin dependent confirmation
of the significant role of the πh11/2 orbital.

To obtain a consistent picture also the positive-parity ground
state bands in the even-even neighbors 130Xe and 132Xe
were investigated and calculations employing the SN100PN
interaction were carried out. Like before, the calculations are
divided into (i) the full gdsh valence space and (ii) a truncated

calculation where only one proton is allowed to occupy the
πh11/2 orbital. A comparison between the calculations and
the experimentally obtained total aligned angular momentum
Ix for 130Xe is shown in Fig. 13(a). In 130Xe, Ix smoothly
follows the Harris curve up to the Jπ = 8+

1 state at a rotational
frequency of approximately h̄ω = 0.38 MeV. At the position
of the Jπ = 10+

1 state, Ix exhibits a strong backbending down
to a frequency of approximately h̄ω = 0.12 MeV. Similar to
131Xe, a refolding after the alignment is observed for higher-
lying states. Both calculations predict an initial alignment at the

0

4

8

12

16

T
ot

al
al

ig
n
ed

an
g.

m
om

.
I x

(u
n
it

s
of

h̄
)

(a) 130Xe

0

4

8

12

16

0 0.1 0.2 0.3 0.4 0.5

(b) 132Xe

Experiment
SN100PN untruncated

SN100PN truncated

h̄ω (MeV)

Experiment
SN100PN untruncated

SN100PN truncated
E10+→8+(keV) = [0 : 100]

FIG. 13. (a) Comparison between experimental and calculated
total aligned angular momenta Ix as a function of the rotational
frequency h̄ω, employing the SN100PN calculation for (a) 130Xe
and (b) 132Xe. The SN100PN interaction is employed in two dif-
ferent calculations: (i) untruncated and (ii) truncated with only one
proton allowed in the πh11/2 orbital. Experimental data taken from
Refs. [39,95].
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position of theJπ = 6+
1 state, followed by a strong alignment at

the position of the Jπ = 10+
1 state. The untruncated SN100PN

calculation predicts the Jπ = 6+
1 and 8+

1 states only 24 keV
and 97 keV too low in energy, while the truncated calculation
underestimates the energies by 434 keV and 527 keV, respec-
tively. Furthermore, the Jπ = 10+

1 state at Ex = 2973 keV is
predicted by the calculations at excitation energies of 2659 keV
(untruncated) and 2589 keV (truncated). The occupation of
the πh11/2 orbital decreases from Nπ = 0.273 at the Jπ = 0+

1
state to Nπ = 0.099 at the Jπ = 6+

1 state. Subsequently, the
occupancy sharply increases to 0.277 at the Jπ = 8+

1 state and
stays almost constant for states with Jπ � 8+

1 . The increase
of the occupancy is not compatible with the experimentally
observed alignment. However, the calculated B(E2) values
along the 12+

1 → 10+
1 → 8+

1 → 6+
1 cascade drop sharply from

548 to 12 e2 fm4 and rise back to 1084 e2 fm4. Consequently,
all experimental observables are well reproduced corrobo-
rating a concurrent neutron and proton alignment in 130Xe.
A comparable result was obtained by a theoretical study of
the even-mass isotopes 114−130Xe employing the microscopic
sdIBM-2 + 2q.p. approach [96]. The alignment along the
positive-parity band was proposed to be of caused by the
πh2

11/2 proton pair. Rotational alignment of pair of neutrons
in the νh2

11/2 are given by a calculation obtained with the
quadrupole-quadrupole-plus-pairing model [34]. These results
are in contradiction to the experimental values in 130Xe.

Approaching the N = 82 shell closure, a comparison for
total aligned angular momenta Ix for 132Xe is depicted in
Fig. 13(b). Since no experimental data is available for the Jπ =
8+ state, the calculation provides a prediction for this state. To
compare theoretical calculations with the experimental data,
Ix is plotted for a range from 0 to 100 keV of the expected
transition energy of the yet unobserved 10+

1 → 8+
1 decay. The

region is marked gray in Fig. 13(b). Both calculations predict
a first alignment at the Jπ = 6+

1 state followed by a second
one at the Jπ = 10+

1 state. Good agreement is obtained with
the untruncated calculation where the Jπ = 6+

1 and 10+
1 states

are slightly underpredicted by 136 and 262 keV, in contrast
to the truncated calculation with a discrepancy of 566 keV
for the Jπ = 6+

1 state. The untruncated calculation predicts
the Jπ = 8+

1 state to be degenerated with the Jπ = 10+
1 state

consistent with experimental searches. The truncated calcula-
tions predict an energy difference of 204 keV contradicting the
experimental observation. In addition, the (16+

1 ) → (14+
1 ) →

(12+
1 ) → (10+

1 ) cascade with a tentatively assigned 1130-keV
transition [39] is in good agreement with the results by the
untruncated SN100PN calculation. In 132Xe the alignment is
clearly caused by protons in the πh11/2 orbital.

V. CONCLUSION

In summary, as a main result of three independent mea-
surements and a detailed spectroscopic investigation the level
scheme of 131Xe was extended up to an excitation energy
of 4945 keV. A pronounced backbending along the negative-
parity band on top of the one-quasiparticle νh11/2(α = −1/2)
band around h̄ω = 0.4 MeV was observed. The states of the
extended negative-parity band closed the gap of unknown

high-spin excitations along the isotopic and isotonic chains
close to the shell closure at N = 82.

Extended large-scale shell-model calculations were per-
formed for 131Xe and its neighbors employing interactions
that are applicable in this mass region. In general, the new
experimental results, including the pronounced backbending,
are reproduced by the interactions excluding PQM130. A
detailed inspection reveals that only interactions with improved
and corrected monopole parts, i.e., GCN50:82 and SN100-
KTH, describe the backbending curve and the alignment
frequency to its full extent. Comparisons between truncated
and untruncated shell-model calculations along the Xe chain in
129−132Xe clearly indicate that alignment of two 0h11/2 protons
is decisive for the backbending. Calculations of the reduced
transition strengths reproduce exactly the spin value where
the alignment sets in in 131Xe. The microscopic origin of the
alignment in 131Xe was traced back via the wave-function
decomposition and its development as a function of angular
momentum. The occupation number of the proton 0h11/2

pair changes significantly at the alignment states in 131Xe
providing a distinct signature. Similar results were obtained in
the −2n isotope 129Xe. The new results together with previous
achievements demonstrate convincingly the predictive power
of the modern shell-model calculations with its interaction. The
interplay between single-particle and collective excitation in
this transitional region arise unambiguously from the specific
h11/2 intruder orbital.

In future, measurements of lifetimes and g factors that
serve as sensitive probes for nucleon alignment should be
performed to reaffirm the proposed backbending mechanism
in transitional Xe isotopes. Specifically, the discovery of the
predicted nearly degenerated Jπ = 8+ state in 132Xe, causing
the isomeric Jπ = 10+ state, is of highest interest. Further-
more, fast-timing measurements are necessary to resolve the
possible onset of Jπ = 23/2+

1 isomerism in 131Xe which is
also predicted by shell-model calculations.
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Detailed information on isomeric states in A ≈ 135 nuclei is exploited to benchmark shell-model calculations
in the region northwest of doubly magic nucleus 132Sn. The N = 79 isotones 133Xe and 135Ba are studied after
multinucleon transfer in the 136Xe + 208Pb reaction employing the high-resolution Advanced GAmma Tracking
Array (AGATA) coupled to the magnetic spectrometer PRISMA at the Laboratori Nazionali di Legnaro, Italy
and in a pulsed-beam experiment at the FN tandem accelerator of the University of Cologne, Germany utilizing
a 9Be + 130Te fusion-evaporation reaction at a beam energy of 40 MeV. Isomeric states are identified via
delayed γ -ray spectroscopy. Hitherto tentative excitation energy, spin, and parity assignments of the 2107-keV
J π = 23/2+ isomer in 133Xe are confirmed and a half-life of T1/2 = 8.64(13) ms is measured. The 2388-keV
state in 135Ba is identified as a J π = 23/2+ isomer with a half-life of 1.06(4) ms. The new results show a
smooth onset of isomeric J π = 23/2+ states along the N = 79 isotones and close a gap in the high-spin
systematics towards the recently investigated J π = 23/2+ isomer in 139Nd. The resulting systematics of M2
reduced transition probabilities is discussed within the framework of the nuclear shell model. Latest large-scale
shell-model calculations employing the SN100PN, GCN50:82, SN100-KTH, and a realistic effective interaction
reproduce the experimental findings generally well and give insight into the structure of the isomers.
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FIG. 1. Evolution of excited states along the N = 79 chain. Dashed lines connecting levels of same spin and parity are drawn to guide the
eye. The J π = 23/2+

1 states in 129Sn, 131Te, and 139Nd are isomers. A candidate for a J π = 23/2+ isomer at Ex = 2107 + x keV was reported
in 133Xe [5]. It is expected that a corresponding long-lived state is also present in 135Ba. Data extracted from the ENSDF database [8] and
Refs. [1,5–7].

I. INTRODUCTION

The N = 79 isotones 133Xe and 135Ba, only three neutrons
away from the N = 82 shell closure, are located within the
proton midshell between the Z = 50 shell and the Z = 64
subshell closures. In this region, the evolution of nuclear col-
lectivity competes with the excitation of single-particle states.
Enabling high-j couplings, the intruder h11/2 neutron orbital
is pivotal for high-spin states in this region. 133Xe and 135Ba
present an intriguing study ground for the predictive power
of the shell model at both low and high spins in the vicinity
of the N = 82 neutron closed shell. In particular, detailed
knowledge of long-lived states—so-called isomers—provide
a sensitive probe for the active quasiparticle configurations.

Figure 1 shows the evolution of several negative-, and
positive-parity states along the N = 79 chain, ranging from
semimagic 129

50 Sn up to 143
64 Gd. Isomeric Jπ = 11/2−

1 states
with neutron-hole νh−1

11/2 configurations were discovered in
all odd-mass N = 79 isotones. Furthermore, several Jπ =
19/2+, 23/2+, and 27/2− high-spin isomers above the Jπ =
11/2−

1 states were reported in the literature. These isomeric
states are explained as high-spin members of the ν(h−2

11/2d
−1
3/2)

and ν(h−n
11/2), seniority v = 3 multiplets [1–9].

Information on excited states in 129Sn and 131Te were
mainly obtained from β decay and actinide fission studies. In a
previous experiment, the semimagic nucleus 129Sn was popu-
lated via thermal neutron-induced fission and investigated by
means of γ -ray and electron-conversion spectroscopy [1,9].
Two L conversion lines corresponding to transition energies
of 41.0 and 19.7 keV were identified as the decay of Jπ =
23/2+ and 19/2+ states, respectively. Based on the decay
curves of the two electron-conversion lines and corresponding

γ -ray decays, half-lives of T1/2 = 2.4(2) μs for the Jπ =
23/2+ state and T1/2 = 3.6(2) μs for the Jπ = 19/2+ state
were determined [1]. In 129Sn the seniority v = 3 multiplet
is completed by the Jπ = (27/2−) state at Ex = 2552 keV
[T1/2 = 0.27(7) μs], identified by Lozeva et al. in 2008 [4].

131Te was populated in a pioneering 64Ni + 130Te
multinucleon-transfer experiment at the GASP γ -ray spec-
trometer [10]. A delayed 361-564-833-keV triple-γ coin-
cidence was identified to form the (21/2−) → (19/2−) →
(15/2−) → 11/2− yrast band. Referring to isotopic systemat-
ics, a Jπ = 23/2+ isomer is proposed that is located slightly
above the Jπ = (21/2−) state at Ex = 1941 keV with a lower
half-life limit of T1/2 > 1 μs. However, no low-energy E1
transition was observed in this work. Soon after, 131Te was
also populated after thermal fission of U isotopes at the
OSIRIS mass separator by Fogelberg et al. [6]. In this work,
a very long half-life of T1/2 = 93(12) ms was determined.
Based on conversion-electron measurements, the authors ex-
cluded a low-energy E1 transition hypothesis and the Ex =
1941-keV state was revised to be a Jπ = (23/2+) isomer.
The 361-keV transition was proposed to be of E3 character,
connecting the isomer with a Jπ = (17/2−) state. Finally, in
a later fusion-fission experiment by Astier et al. [2] utilizing
the EUROBALL array, the negative-parity band on top of the
Jπ = (19/2−) state was extended to excitation energies of
approximately 4.7 MeV and spin Jπ = (35/2−). The deter-
mined lower limit of the half-life of the Jπ = (23/2+) state
(T1/2 � 10 μs) is in agreement with the previous experiment.
The multipolarity of the 361-keV transition was reevaluated to
be mainly of M2 character. Based on the OSIRIS result and
the reevaluated M2 character, a reduced transition strength
of B(M2; 23/2+

1 → 19/2−
1 ) = 2.0(3) × 10−6 W.u. [2] was
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deduced. Shell-model calculations predict a ν(h−2
11/2d

−1
3/2) con-

figuration for the Jπ = (23/2+) state and a predominant
(νh−1

11/2)(πg2
7/2) configuration for the Jπ = (19/2−) state. No

feeding transitions for the Jπ = (23/2+) isomer were yet
discovered in 131Te.

Going to the proton midshell, a first search of high-spin
isomers in 137Ce was made using a 4He + 138Ba reaction [11].
No evidence for a long-lived state was found in the off-beam
range from 10–300 μs with respect to the beam pulse. Later,
a J = (31/2) state at Ex = 4255 keV was observed to be
isomeric with a half-life of T1/2 = 5(2) ns according to the
time distribution of the depopulating 552-keV γ ray [12]. The
level scheme of 137Ce was extended up to highest spins via
18O + 124Sn [13] and 13C + 130Te [14] reactions. To date, only
a Jπ = 23/2+ state above Ex = 3 MeV is reported. It is much
higher in excitation energy than in the other N = 79 isotones
and disrupts the systematics (c.f. Fig. 1).

First spectroscopic data on the elusive Jπ = 23/2+ iso-
mer in 139Nd were reported by Müller-Veggian et al. [15]
employing a 140Ce(α, 5n) reaction. The level scheme above
the Jπ = 11/2−

1 isomer was extended to an excitation energy
of approximately 4 MeV. Delayed γ rays deexciting the
Jπ = 19/2+

1 state were observed in off-beam γ γ -coincidence
spectra. Based on the decay curve, a half-life limit of T1/2 >
141 ns was deduced. Later, the isomer’s excitation energy was
constrained to be above the Jπ = 19/2+

1 state and a precise
half-life of T1/2 = 272(4) ns could be obtained [7]. However,
the isomer could not unambiguously place in the level scheme.
Finally, in 2013, a recoil-decay tagging experiment at the
Jyväskylä accelerator facility confirmed the previous half-life
measurement [3]. The authors observed feeding transitions
from the decay of three higher-lying Jπ = (25/2−) states
allowing for a placement of the isomeric Jπ = (23/2+) state
in the level scheme at Ex = 2616 keV, only 44 keV above
the Jπ = 19/2+ state. However, that 44-keV transition is still
unobserved. Towards the subshell closure at Z = 64, detailed
high-spin structure information is available for 141Sm [16,17]
and 143Gd [17–19]; no high-lying isomeric states were ob-
served.

The onset of isomerism as a function of the proton number
along the N = 79 chain (see Fig. 1) motivates a refined inves-
tigation of isomeric Jπ = 23/2+ states in 133Xe and 135Ba.
The available data on low-spin states in 133Xe mainly originate
from β-decay studies of 133I [20]. The Jπ = 11/2−

1 isomer
at 233 keV with a νh−1

11/2 neutron-hole configuration has a
half-life of 2.198(13) d [21]. First results on the high-spin
structure were obtained by Lönnroth et al. [22] via α-induced
reactions on 130Te at beam energies of 14.1–18 MeV. Three
γ rays with energies of 247.4, 947.8, and 695.2 keV were
placed above the Jπ = 11/2−

1 isomer to form a (23/2−) →
19/2−

1 → 15/2−
1 → 11/2−

1 cascade.
Recently, the high-spin regime of 133Xe was extended

via 136Xe + 208Pb and 136Xe + 198Pt multinucleon-transfer
reactions employing the Advanced GAmma Tracking Array
(AGATA) coupled to the magnetic spectrometer PRISMA and
the GAMMASPHERE spectrometer in combination with the
gas-filled detector array CHICO, respectively [5]. A 1253-
468-465-keV prompt triple coincidence was observed to form

a band unconnected to any known states in 133Xe. According
to the time structure in the GAMMASPHERE data set, a
long-lived isomer with T1/2 � 1 μs was proposed at Ex =
2107 + x keV.

High-spin states in 135Ba above the Jπ = 11/2−
1 isomer

(T1/2 = 28.7 h [23]) were investigated by Che et al. [24].
Excited states were populated up to excitation energies of
5.8 MeV using a 130Te(9Be, 4n)135Ba reaction at 45 MeV. A
1184-254 keV cascade was observed to feed the Jπ = 15/2−

1
state at Ex = 950 keV. The 2134-keV state was identified as
the Jπ = 19/2−

2 state, while no spin assignment was given
for the 2388-keV state. Moreover, no decay from higher-lying
states into the 2388-keV state was observed. Later, a first
tentative spin assignment of Jπ = 21/2(−) was proposed for
the 2388-keV state [25]. A high-spin investigation by Ku-
mar et al. extended the level scheme with 20 new γ rays [26].
Directional correlation measurements confirmed the spin and
parity assignments of the Jπ = 19/2−

2 state and indicated a
tentative J = (23/2) spin assignment for the 2388-keV state.
Even though detailed data are available up to highest spins
and excitation energies, no feeding γ ray to the 2388-keV state
was found to date. This observation corroborates the existence
of a long-lived J = 23/2+

1 isomer in 135Ba.
In this paper, we report and discuss new results on isomeric

Jπ = 23/2+ states in the N = 79 isotones 133Xe and 135Ba
obtained in two different experiments. 135Ba was populated
in a 136Xe + 208Pb multinucleon-transfer (MNT) experiment
employing the high-resolution position-sensitive Advanced
GAmma Tracking Array (AGATA) [27] in combination with
the magnetic mass spectrometer PRISMA [28–30]. In a
fusion-evaporation experiment, both 133Xe and 135Ba were in-
vestigated with the HORUS γ -ray array [31] at the Institute of
Nuclear Physics, University of Cologne, employing a pulsed
40-MeV 9Be beam impinging onto a 130Te target. This paper is
organized as follows: the experimental setup and data analysis
of the two experiments are described in Sec. II, followed by
the experimental results in Sec. III. A detailed comparison
with shell-model calculations is presented in Sec. IV before
the paper closes with a summary and conclusions.

II. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

A. 136Xe + 208Pb multinucleon transfer
135Ba was populated in a 136Xe + 208Pb multinucleon-

transfer experiment at the Laboratori Nazionali di Legnaro,
Italy. In this experiment, a 6.84 MeV/nucleon 136Xe beam,
accelerated by the PIAVE+ALPI accelerator complex, im-
pinged onto a 1-mg/cm2 208Pb target. The Advanced GAmma
Tracking Array (AGATA) [27] in a first demonstrator config-
uration [32] was placed at a distance of 18.8 cm from the
target position to measure γ rays from excited states. The
array consisted of nine large-volume electronically segmented
high-purity Ge (HPGe) detectors in three triple cryostats [33].
An isotopic identification of the nuclei of interest was pro-
vided by the magnetic spectrometer PRISMA placed at the
reaction’s grazing angle of θlab = 42◦. An event registered
by the PRISMA focal-plane detector in coincidence with an
AGATA event was taken as a trigger for the data acquisition.
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Pulse-shape analysis of the digitized detector signals was
applied to determine the individual interaction points within
the HPGe shell [34], enabling the Orsay forward-tracking
algorithm [35] to reconstruct the individual emitted γ -ray
energies, determine the first interaction point of the γ ray in
the germanium and, thus, the emission angle. Together with
the kinematic information from PRISMA, a precise Doppler
correction was performed. Further details on the analysis can
be found in Refs. [36,37].

B. 9Be + 130Te fusion-evaporation reaction

In a second experiment, 133Xe and 135Ba were populated in
a 130Te + 9Be fusion-evaporation reaction. The FN Tandem
accelerator of the Institute of Nuclear Physics, University
of Cologne delivered pulsed 40-MeV 9Be beams with two
different repetition rates onto an enriched 130Te target with a
thickness of 1.8 mg/cm2 evaporated onto a 120-mg/cm2 thick
Bi backing plus a 132-mg/cm2 thick Cu layer for heat dissipa-
tion. Approximately 95% of the reaction products were stable
nuclei, stopped inside the Bi backing. The pulsing system
was placed at the injection line of the FN Tandem accelerator
and comprises five deflectors aligned parallel to the beam
axis. The electric potential of one side of the deflectors was
grounded, while the electrical potential of the opposite side
was alternating between ground level and 1.3 kV.

The first pulsed beam had a pulse width of 75 ms and a
repetition rate of 3.33 Hz. To exclude the background from
β-decay channels and longer-lived isomers, a second pulsed
beam was employed with a pulse width of 3.75 s and a
repetition rate of 66.66 mHz. γ rays were measured using
the HORUS array [31] comprising 14 HPGe detectors, six of
them equipped with BGO Compton-suppression shields. The
detectors were positioned on the eight corners and six faces
of a cube. γ events were processed triggerless and recorded
utilizing the synchronized 80-MHz XIATM Digital Gamma
Finder (DGF) data-acquisition system. In addition, a reference
signal given by the pulsing system was recorded.

The data were sorted into (i) a two-dimensional γ -γ matrix
with a time gate of 250 ns between coincident γ events,
(ii) a two-dimensional γ -t matrix to gate on different time
windows relative to the reference pulse, and (iii) a total of
three group matrices each corresponding to detector pairs with
relative angles � = {54.7◦, 70.4◦, 90◦} for off-beam angular-
correlation measurements using the SOCO-V2 code [38]. In
total, 7.1 × 107 γ γ -coincidence events and 1.2 × 109 γ -t
events were collected.

Spins and parities of populated states in the HORUS
experiment are investigated in the off-beam measurement
with the γ γ angular-correlation code CORLEONE [39,40]
based on the phase convention by Krane, Steffen, and
Wheeler [41,42]. Different hypotheses of involved spins
J1, J2, J3 and multipole-mixing ratios δ1, δ2 of two coincident

γ rays in a cascade J1
δ1−→ J2

δ2−→ J3 are evaluated by χ2 fits of
the correlation function W (J1, δ1, J2, δ2, J3,�, σ ) to experi-
mental correlation intensities for the three angular-correlation
groups. θ1 and θ2 are the angles between beam axis and
detectors; � = θ1 − θ2 denotes the relative angle of a detector

pair. A deorientation from the beam axis is taken into account
by increasing the value of σ .

III. RESULTS

Partial level schemes of excited states in 133Xe and 135Ba,
which are discussed in this paper, are displayed in Figs. 2(a)
and 2(b). The determined half-lives of isomeric states in
132,133Xe and 135,136Ba are summarized in Table I.

The Doppler-corrected beamlike singles γ -ray spectrum
gated on 135Ba from the 136Xe + 208Pb AGATA experiment is
shown in Fig. 3(a). Random background is significantly sup-
pressed by gating on the prompt peak in the time-difference
distribution between AGATA and PRISMA. Prominent tran-
sitions are marked with labels. The decays of the Jπ = 19/2−

1
and 15/2−

1 states at energies of 1052 and 682 keV are clearly
visible as dominant peaks in the spectrum. Transitions in the
positive-parity dipole band, on top of the Jπ = 21/2+

2 state
at Ex = 3083 keV are observed well above the background.
The highest excitation energy identified in the 135Ba reac-
tion channel corresponds to the Jπ = 31/2+ state at Ex =
4696 keV. The insets Figs. 3(b) and 3(c) show magnifications
into the measured γ -ray spectrum around the γ -ray energies
of the expected decays of the Jπ = 23/2+ state at 254 keV
and around the decay of the Jπ = 19/2−

2 state at 1184 keV,
respectively. The 1184-keV transition is clearly visible in
the prompt AGATA spectrum, however, the 254-keV feeding
transition is absent. This observation suggests that the half-life
of the 2388-keV state is significantly longer compared to the
width of the prompt peak in the time-difference spectrum be-
tween PRISMA and AGATA, i.e., �tPRISMA−AGATA ≈ 16 ns.
Consequently, the observation of the 1184-keV transition ac-
companied by the absence of the 254 keV feeding transition,
despite the observation of other high-spin bands, indicates an
isomeric character of the Ex = 2388 keV state.

In the first part of the HORUS experiment, the beam pulse
width was set to 75 ms, followed by a 225-ms time window
for off-beam measurements. The recorded reference time at
the beginning of the beam flash allows us to gate on different
off- and in-beam time windows. In particular, gates within
the time window between 75 and 300 ms with respect to
the reference pulse restrict the γ -ray spectrum to the off-
beam measurement. Figures 3(d) and 3(f) show γ -ray spectra
obtained with different time windows. The γ -time matrices
with the applied gates are shown in inset Figs. 3(e) and 3(g). In
the matrix a distinct separation between in-beam and off-beam
γ -ray spectrum is visible at 75 ms relative to the reference
pulse.

In order to validate the experimental procedure, several
well-known long-lived millisecond isomers were investigated.
By gating on the time window �t = 80–90 ms [Fig. 3(d)],
delayed transitions at energies of 174, 538, 600, 668, and
773 keV, forming a cascade below the Jπ = 10+

1 isomer
in 132Xe, are clearly enhanced in the γ -ray spectrum. Fur-
thermore, the spectrum exhibits the 1048-keV 4+

1 → 2+
1 and

819-keV 2+
1 → 0+

1 transitions originating from the Jπ = 7−
1

isomer in 136Ba. The peaks at 231, 948, and 695 keV are
mutually coincident and identified as the decay cascade of
the Jπ = 23/2+

1 state in 133Xe. A background-subtracted
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133Xe 135Ba

T1/2 = 8.64(13) ms

T1/2 = 1.06(4) ms

FIG. 2. Partial level schemes of (a) 133Xe and (b) 135Ba. The reduced transition strengths of the 231-keV transition in 133Xe and the 254-keV
transition in 135Ba are subject of this paper. Dominating transitions in the HORUS fusion-evaporation experiment are presented with thicker
arrows.

in-beam prompt γ γ -coincidence spectrum with a gate on the
1253-keV transition in 133Xe is shown in Fig. 4. Coincident
transitions at energies of 465 and 468 keV are forming a
1253-468-465 keV cascade on top of the Jπ = 23/2+ isomer
confirming the observation in Ref. [5]. Other lines at 197, 847,
1039, and 1239 keV originate from the 19F(n, n′γ ) reactions
and the β decay of 56Mn into 56Fe.

The delayed transitions in 132,133Xe and 136Ba are also visi-
ble in the spectrum gated on the time window �t = 75-80 ms
in Fig. 3(f). Based on the AGATA data set, a pronounced de-
layed 254-1184-682-keV γ -ray cascade in 135Ba is expected.
The observation of this cascade in the off-beam spectrum

in Fig. 3(f) clearly confirms the presence of an isomer in
this nucleus. The absence of the cascade in the spectrum in
Fig. 3(d) implies that the isomer in 133Xe has a longer half-life
compared to the similar state in 135Ba.

Figures 5(a1,2)–5(c1,2) show fits of well-known half-
lives of isomeric states in 136Ba and 132Xe. The fit func-
tion of the time spectrum N (t ) is chosen as N (t ) =
a exp[t ln(2)/T1/2] + b with a and b as free parameters. The
decay chain deexciting the Jπ = 7− isomer in 136Ba is ob-
served in the seconds-range pulsed-beam experiment. The
corresponding background-subtracted time projection of the
2+

1 → 0+
1 transition at Eγ = 819 keV and the fitted decay

TABLE I. Measured half-lives of selected isomers observed in the 9Be + 130Te experiment. The different columns indicate the nucleus,
repetition rate of the pulsed beam, excitation energy, spin and parity of the isomeric state, the energy of the γ ray used to determine the half-life,
the deduced weighted mean half-life, and previous results reported in the literature.

Isotope Repetition rate (Hz) Ei (keV) J π
i (h̄) Eγ (keV) T1/2

Present work Literature

136Ba 0.066 2031 7− 819 0.296(7) s 0.3084(19) s [43]
0.303(2) s [44]
0.37(5) s [45]
0.32(2) s [46]

132Xe 3.33 2752 10+ 174, 538, 600, 668, and 773 8.37(8) ms 8.39(11) ms [47]
8.4(8) ms [48]

8.2(6) ms [49,50]
133Xe 3.33 2107 23/2+ 231, 695, and 948 8.64(13) ms –
135Ba 3.33 2388 23/2+ 254, 682, and 1184 1.06(4) ms –
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FIG. 3. (a) Doppler-corrected γ -ray spectrum gated on 135Ba identified with PRISMA in the 136Xe+208Pb experiment. Insets show the
zoomed spectrum around the expected transitions at (b) 254-keV and (c) 1184-keV. (d) Projection of the γ -t matrix gated on a time window
between 80 and 90 ms relative to the reference time at the beginning of the beam flash. (f) Similar data for a gate on a time window between
75 and 80 ms. Delayed transitions below the J π = 23/2+

1 isomers in 133Xe, 135Ba, and below the J π = 10+
1 isomer in 132Xe are marked with

symbols and dashed lines to guide the eye. Both insets (e) and (g) present the γ -t matrix relative to the reference time. The applied time gates
are surrounded by black boxes.

curve are shown in Fig. 5(a1). For the sake of completeness,
a similar plot with a logarithmic scale is shown in the inset
Fig. 5(a2). The measured half-life of T1/2 = 0.296(7) s is in
good agreement with previously measured values [44–46].
The absolute fit residual, defined as difference between ab-
solute experimental value and fit function, is presented in
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FIG. 4. Prompt in-beam γ γ coincidence spectrum with a gate
on the 1253-keV transition in 133Xe above the J π = 23/2+ isomer.
Coincidences at energies of 465 and 468 keV are visible.

Fig. 5(a3). In addition, fits of the background-subtracted
time projections of the 538-keV and 668-keV transitions,
depopulating the Jπ = 10+ isomer in 132Xe, are depicted in
Fig. 5(b1,2) and Fig. 5(c1,2). A small constant background
remains after background subtraction in the time distribution
of the 2+

1 → 0+
1 668 keV transition due to a weak feeding

from β decays of 132I and 132Cs. Both independently deter-
mined half-lives are in excellent agreement with the previous
values [47–50]. The consistency between the literature values
and the current analysis demonstrates the reliability of the
analysis.

The background-subtracted time distributions of the 231-,
947-, and 695-keV transitions in 133Xe are presented in
Figs. 5(c1,2), 5(d1,2), and 5(e1,2). Exponential fits of the slope
components yield respective half-lives of 8.62(13), 8.60(9),
and 8.68(8) ms. The constant random background is deter-
mined separately and incorporated into the fit. The inde-
pendently determined half-lives utilizing the three different
gate conditions show excellent agreement. Systematic errors
from uncertainties in the determination of the background
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FIG. 5. Gates on background-subtracted γ -time matrices and half-life fits for the gating conditions (a1-2) 819 keV in 136Ba measured in
the seconds-pulsing experiment, (b1-2) 538 keV and (c1-2) 668 keV in 132Xe, (d1-2) 231 keV, (e1-2) 947 keV, and (f1-2) 695 keV in 133Xe, (g1-2)
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are taken into account. The final weighted mean value of
T1/2 = 8.64(13) ms is newly established for the Jπ = 23/2+
state in 133Xe.

Background subtracted time spectra of transitions deex-
citing the state at Ex = 2388 keV in 135Ba, fits, and corre-
sponding residuals are presented in Figs. 5(f1)–5(h3). The fit

for the 254-keV transition yields a half-life of 1.09(3) ms.
Independently determined half-lives involving the 1184-keV
[1.04(3) ms], and the 682-keV [1.05(2) ms] γ ray are in mu-
tual agreement. The final weighted mean half-life of the Jπ =
23/2+ state in 135Ba is measured to be T1/2 = 1.06(4) ms
taking into account systematic errors.
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According to systematics and shell-model arguments, a
direct single-step decay of the 2107 + x-keV band head of the
465-468-1253-keV cascade in 133Xe via a 231-keV transition
was slightly favored in the previous work [5]. However, a de-
cay via an unobserved low-energy transition similar to 129Sn
and 139Nd could not be ruled out. Internal conversion coeffi-
cients and angular-correlation measurements were carried out
to clarify the decay patterns in 133Xe and 135Ba. Since conver-
sion electrons are not directly detected, the internal conversion
coefficient αT is determined via the intensity-balance method
described in Ref. [52]. In the off-beam measurement the
isomer in 133Xe decays via the 231-948-695 cascade towards
the Jπ = 11/2− state. Therefore, the intensities of the 231
and 948-keV transitions, corrected for detector efficiency and
internal conversion, are equal in the delayed γ -ray spectrum:

Iγ1 (1 + αγ1 ) = Iγ2 (1 + αγ2 ), (1)

where Iγ1,2 are the efficiency-corrected γ -ray intensities and
αγ1,2 are the total internal-conversion coefficients (ICCs). The
off-beam intensities I948 keV and I231 keV are extracted from the
γ -ray spectra of the 14 HPGe detectors by gating on the off-
beam time window with a time gap of 100 ns from the in-beam
part to exclude possible feeding from short-lived components.
Using the weighted arithmetic mean of the 14 measurements
and the well-established E2 character of the 948 keV tran-
sition (α948 = 0.00182 [51]), a value of α231 = 0.49(9) is
obtained for the 231-keV transition. Based on a comparison
with theoretical αT values [51], presented in Fig. 6(a), the
multipolarity of the 231-keV transition can be restricted to
an M2 or E3 character. Applying the same method to the
254-1184-keV cascade in 135Ba, a value of α254 = 0.32(7) for
the 254 keV transition is computed. Again, a comparison with
theoretical values shown in Fig. 6(b) yields a good agreement
with M2 or E3 multipolarities for the 254-keV γ ray.

Angular-correlation measurements provide a complemen-
tary approach to the internal conversion coefficient mea-
surement. Figures 6(c)–6(e) show comparisons of theoretical
angular-correlation functions W (J1, δ1, J2, δ2, J3,�, σ ) (col-
ored lines) with experimentally obtained relative intensities in
three different correlation groups. A fit of the 2+

2 → 2+
1 1120-

keV transition in 214Po, measured in the energy calibration run
with a 226Ra source, is shown in Fig. 6(c). The determined
multipole-mixing ratio of δ = 0.19(6) agrees well with the
evaluated multipole-mixing ratio of δlit. = 0.18(2) [53]. The
corresponding angular-correlation fit of the 231-keV transi-
tion, gated on the 948-keV transition in 133Xe, is presented in
Fig. 6(d). The multipolarity of the 948-keV γ ray is fixed to be
an E2 transition, while different spin hypotheses of the 2107-
keV state are tested. Combined with the internal conversion
coefficient measurement, a spin assignment of Jπ = 23/2+
and a multipole-mixing ratio of δ23/2+→19/2− = −0.021(10)
is most likely for the 2107-keV state. The small value of the
multipole-mixing ratio indicates a dominant M2 contribution
and a small E3 admixture in the �J = 2 transition.

Spin hypotheses for the 2388-keV state in 135Ba are
tested by employing the same angular-correlation method. In
Fig. 6(e) experimentally determined intensities of the 254-
keV γ ray in the different correlation groups, gated on the
1184-keV transition, are compared to theoretical intensities.
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FIG. 6. (a) Total conversion coefficient for the 231-keV transi-
tion in 133Xe compared with predicted values from the BrIcc v2.3
database [51]. (b) Similar comparison for the 254-keV transition in
135Ba. The multipolarity of the 231 and 254-keV transition can be
restricted to M2/E3 character. γ γ off-beam angular correlations
for (c) the known 1120-609-keV cascade in 214Po, (d) the 231-
948-keV cascade in 133Xe, and (e) the 254-1184-keV cascade in
135Ba. Experimental values (black points) are compared to calculated
angular-correlation functions W (J1, δ1, J2, δ2, J3, �, σ ) (lines) for
three correlation groups.

Again, the 23/2+ δ−→ 19/2− → 15/2− hypothesis (solid line)
with δ23/2+→19/2− = −0.009(4) yields the best agreement.
The small multipole-mixing ratio indicates a dominating M2
character of the 254-keV transition. Nevertheless, based on
the fit results of this work, a spin assignment of J = 19/2
(χ2 = 1.9) or 21/2 (χ2 = 1.3) cannot be excluded either.
However, the internal conversion coefficient measurement
shown in Fig. 6(b) suggests a Jπ = 23/2+ spin assignment.
This argument is further supported by the previous results
of Ref. [26], where both spin assignments J = 19/2 and
J = 21/2 are excluded.

Internal-conversion coefficients are calculated employing
the newly determined multiple-mixing ratios δ via the follow-
ing expression [54]:

αT = αT (M2) + δ2αT (E3)

1 + δ2
, (2)
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FIG. 7. Comparison of experimental energy spectra of 133Xe [left panel, (a)] with the results of shell-model calculations employing the
(b) Realistic SM, (c) SN100PN, (d) GCN50:82, and (e) SN100-KTH interaction. Note that the states are separated into columns for the
negative- and the positive-parity states.

where αT (M2) and αT (E3) are theoretical ICC values. The
calculated values αT = 0.421(6) for 133Xe and αT = 0.364(5)
for 135Ba are in good agreement with the independently
measured ICC values, showing the complementarity between
both approaches.

IV. DISCUSSION

The experimentally obtained isomer excitation energies,
half-lives and corresponding reduced transition probabilities
in 133Xe and 135Ba are compared to shell-model theory. All
shell-model calculations were carried out in an untruncated
gdsh valence space outside doubly magic 100Sn, employing
the shell-model code NUSHELLX@MSU [55], the massive-
parallelization code KSHELL [56] and the ANTOINE shell-
model code [57].

The first calculation is conducted in the framework of the
realistic shell model [58,59], denoted as realistic SM. Single-
particle energies and two-body effective interaction are deter-
mined from the established CD-Bonn free nucleon-nucleon
potential using the Vlow-k approach with a cutoff momentum
of � = 2.6 fm−1, plus the Coulomb force for protons. The
effective shell-model Hamiltonian is derived iteratively by
means of the many-body perturbation theory in the Q̂-box
folded diagram expansion, including all diagrams up to third
order in the interaction.

Another calculation is carried out with the jj55pn Hamil-
tonian (referred to as the SN100PN interaction) [60]. The
Hamiltonian consists of four terms covering the neutron-

neutron, neutron-proton, proton-proton, and Coulomb repul-
sion between the protons individually. A renormalized G ma-
trix derived from the CD-Bonn interaction [61] was employed
to construct the realistic two-body residual interaction. The
proton and neutron single-particle energies are based upon the
energy levels in 133Sb and 131Sn.

A third calculation is performed utilizing the effective in-
teraction GCN50:82 [62,63]. Similar to the SN100PN interac-
tion, the interaction is derived from a realistic G matrix based
on the CD-Bonn potential. Empirical monopole corrections to
the original G matrix are introduced by fitting different com-
binations of two-body matrix elements to sets of experimental
excitation energies from even-even and even-odd semimagic
nuclei.

The last calculation, hereinafter referred to as SN100-
KTH, leverages the realistic CD-Bonn interaction as well. The
T = 1 part of the monopole interaction was corrected via the
Monte Carlo global optimization approach by fitting several
low-lying yrast states in Sn isotopes. A renormalization was
performed by a perturbative G matrix approach to include
core-polarization effects. It was shown that the calculations
reproduce well the excitation energies and E2 transition prob-
abilities in even-even Te isotopes [64,65].

A comparison of [Fig. 7(a)] experimental energy spec-
trum of 133Xe with the results of [Fig. 7(b)] realistic SM,
[Fig. 7(c)] SN100PN, [Fig. 7(d)] GCN50:82, and [Fig. 7(e)]
SN100-KTH shell-model calculations is shown in Fig. 7. The
states are separated into columns for the negative- and the
positive-parity states. All four calculations reproduce the spin
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FIG. 8. Comparison of experimental energy spectra of 135Ba [left panel, (a)] with the results of shell-model calculations employing the
(b) Realistic SM, (c) SN100PN, (d) GCN50:82, and (e) SN100-KTH interactions. The arrangement of the states mirrors the layout in Fig. 7.

of the Jπ = 3/2+ ground state. The GCN50:82 interaction
slightly overpredicts the Ex = 233-keV Jπ = 11/2−

1 state by
37 keV while the realistic SM, SN100PN, and SN100-KTH
interactions place the Jπ = 11/2−

1 state 84, 198, and 102 keV
too low in excitation energy, respectively. All interactions
show a good agreement for the low-spin positive-parity states
below 1 MeV.

The 948-, and 695-keV γ -ray transitions, forming the
19/2−

1 → 15/2−
1 → 11/2−

1 cascade, are calculated as 726
and 852 keV using realistic SM, 883 and 707 keV using
SN100PN, 977 and 706 keV using GCN50:82, and as 939
and 649 keV using SN100-KTH, respectively. The calcu-
lated excitation energy of the isomeric Jπ = 23/2+

1 state is
in excellent agreement with the experimental value exhibit-
ing deviations of only 45 (realistic SM), 134 (SN100PN),
5 (GCN50:82), and 24 keV (SN100-KTH). Addition-
ally, the 23/2+

1 → 19/2−
1 transition is computed as Eγ =

335 keV (realistic SM), Eγ = 348 keV (SN100PN), Eγ =
176 keV (GCN50:82), and Eγ = 429 keV (SN100-KTH),
compared to the observed 231-keV γ -ray transition in the
experiment.

The level structure of the +2p isotone 135Ba is more
intricate. A comparison of [Fig. 8(a)] experimental energy
spectra of 135Ba with the shell-model results of [Fig. 8(b)]
realistic SM, [Fig. 8(c)] SN100PN, [Fig. 8(d)] GCN50:82, and
[Fig. 8(e)] SN100-KTH calculations are presented in Fig. 8.
Again, the states are separated into columns for negative- and
positive-parity states. The Jπ = 3/2+

1 ground state is well

reproduced by the realistic SM, GCN50:82 and SN100-KTH
interactions. However, the SN100PN interaction locates the
Jπ = 3/2+

1 state 3 keV above the Jπ = 11/2−
1 state. The

other three interactions compute the Jπ = 11/2−
1 state (Ex =

268 keV) to have excitation energies of 274 (realistic SM),
297 (GCN50:82), and 79 keV (SN100-KTH). The interactions
yield a good reproduction of the experimentally determined
positive low-spin regime below 1 MeV excitation energy.

The interactions reproduce the 19/2−
1 → 15/2−

1 → 11/2−
1

cascade with γ -ray energies of 1052 and 682 keV very well.
Deviations amount to 73 and 155 keV (Realistic SM), 105 and
16 keV (SN100PN), 43 and 26 keV (GCN50:82), as well as
37 and 54 keV (SN100-KTH). In the experiment the energy
difference between the first and second excited Jπ = 19/2−
states is 131 keV, compared to the calculations of 123 (real-
istic SM), 139 (SN100PN), 128 (GCN50:82), and 243 keV
(SN100-KTH). The calculated excitation energies for the first
and second excited Jπ = 23/2+ states of 2320/3032 (real-
istic SM), 2007/2668 (SN100PN), 2252/3260 (GCN50:82),
and 2138/3523 keV (SN100-KTH) are in good agreement
with the experimentally determined Ex = 2388/2985 keV.
Additionally, the 23/2+

1 → 19/2−
2 transition is computed as

Eγ = 126 keV (realistic SM), Eγ = 223 keV (SN100PN),
and Eγ = 74 keV (GCN50:82), compared to the observed
254-keV γ -ray transition in the experiment. Nonetheless, the
SN100-KTH interaction is the only interaction, which com-
putes the Jπ = 19/2−

2 state slightly above the Jπ = 23/2+
1

state.
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1 ,
19/2−

2 , 21/2−
1 , and 23/2−
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The nuclear structures along the N = 79 isotones closely
resemble each other. Figures 9(a)–9(l) show the decompo-
sition of the total angular momentum I = Iπ ⊗ Iν into its
proton and neutron components for selected states using the
GCN50:82 interaction. The decompositions are very similar
to those computed by the SN100PN and SN100-KTH interac-
tions. Although being more fragmented going from 131Te to
135Ba, the spin decompositions of the high-spin states above
the Jπ = 11/2−

1 state are similar. In 131Te and 133Xe, the
Jπ = 23/2+

1 state decays into the yrast Jπ = 19/2−
1 state,

while in 135Ba it decays into another yrare Jπ = 19/2− state.
Nevertheless, the spin decomposition of the first and second
excited Jπ = 19/2− states are almost identical.

The interaction predicts the Jπ = 23/2+
1 state to predom-

inantly have (54% 133Xe; 43% 135Ba) ν 23/2+ ⊗ π 0+ and
(32%; 37%) ν 23/2+ ⊗ π 2+ stretched neutron spin config-
urations. On the other hand, the Jπ = 19/2− states in both
133Xe and 135Ba are mostly assigned to configurations with
neutron spin Iν = 11/2 coupled to proton spins of Iπ = 4
and Iπ = 6. These configuration differences provide a micro-
scopic reason of the long-lived Jπ = 23/2+ states; their de-
cays require a considerable reordering of angular momentum
for protons and neutrons, which strongly hinders a transition
between both states.

The isomeric character is also scrutinized via a detailed
decomposition of the Jπ = 19/2−, and 23/2+ states of the
N = 79 isotones 131Te, 133Xe, and 135Ba into their proton
and neutron configurations computed by the GCN50:82 in-
teraction, presented in Figs. 10(a)–10(f). The wave functions
of the Jπ = 23/2+

1 states are dominated by the neutron
ν(h−2

11/2d
−1
3/2) configuration with probabilities of 81.3% (131Te),

60.3% (133Xe), and 44.0% (135Ba). Also the SN100PN and
SN100-KTH calculations yield a dominant ν(h−2

11/2d
−1
3/2) neu-

tron configuration.
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In contrary, with GCN50:82, the leading neutron con-
figurations of the final Jπ = 19/2− state are νh−3

11/2 and

ν(h−1
11/2d

−2
3/2) contributing with probabilities of 31.4% and

34.3% in 131Te, 13.7% and 24.8% in 133Xe, as well as 4.9%
and 20.3% in 135Ba. The ν(h−2

11/2d
−1
3/2) configuration nearly

vanishes in the decomposition of the Jπ = 19/2− states. The
dominant components of the Jπ = 19/2− and 23/2+ states
can be connected by a M2 transition operator, however, the
hindrance of the M2 transition can be traced back mainly due
to the change of the neutron content of the states.

Finally, reduced transition probabilities for the 23/2+ →
19/2− transitions in 131Te, 133Xe and 135Ba are calcu-
lated with the realistic SM, SN100PN, GCN50:82, and
SN100-KTH interactions. Modified g factors of gl = glfree

and gs = 0.68gsfree for protons and neutrons are used for
the SN100PN, GCN50:82, and SN100-KTH interactions.
The obtained quenching factor of 0.68 is tuned to reproduce
the magnetic moments of the Jπ = 11/2−

1 states in 129Sn
(μ = −1.297(5)μn [66]) and 131Te (μ = −1.123(7)μn [67]).
In the realistic SM calculation nuclear g factors of gl = 1.2,
gs = 3.91 for protons and gl = 0.2, gs = −2.678 for neutrons
are employed.

The effective charges for protons and neutrons are selected
to reproduce the E2 transition strengths of the first excited
Jπ = 2+ state in the Z = 50 isotope 128Sn (B(E2; 2+ →
0+) = 4.2(3) W.u. [68]) and of the 19/2− → 15/2− decay
(B(E2; 19/2− → 15/2−) = 2.56(14) W.u. [69]) in 133Te us-
ing the SN100PN, GCN50:82, and SN100-KTH interactions.
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TABLE II. Summary of experimental and theoretical results for E2, M2, and E3 reduced transition strengths of the N = 79 isotones 129Sn,
131Te, 133Xe, and 135Ba. Transition strengths are given in Weisskopf units. Experimental values of 129Sn and 131Te are taken from Refs. [1,4,6].

Isotope J π
i → J π

f Ei (keV) T1/2 (ms) σλ B(σλ)↓ (W.u.)

Experiment Theory

Realistic SM SN100PN GCN50:82 SN100-KTH

27/2−
1 → 23/2−

1 2552 0.27(7) × 10−3 E2 0.79(36) – 0.72 0.72 0.72
129Sn 23/2+

1 → 19/2+
1 1802 2.4(2) × 10−3 E2 1.24(10) – 1.45 0.71 1.44

19/2+
1 → 15/2+

1 1761 3.6(2) × 10−3 E2 1.37(8) – 2.11 1.78 2.14

19/2−
1 → 15/2−

1 1581 71(20) × 10−9 E2 3.5(10) – 4.9 2.9 3.5131Te
23/2+

1 → 19/2−
1 1941 93(12) M2 2.0(3) × 10−6 – 404 × 10−6 197 × 10−6 305 × 10−6

133Xe 23/2+
1 → 19/2−

1 2107 8.64(13) M2 0.209(3) × 10−3 1.163 × 10−3 1.613 × 10−3 0.668 × 10−3 1.691 × 10−3

E3 0.0017(16) 0.476 0.124 0.021 0.221
135Ba 23/2+

1 → 19/2−
2 2388 1.06(4) M2 1.053(40) × 10−3 4.12 × 10−3 2.440 × 10−3 3.878 × 10−3 2.283 × 10−3

E3 0.0012(11) 1.161 0.144 0.119 0.164

The adopted effective charges are eν = 0.81e and eπ = 1.52e.
Selected values are in excellent agreement with the effec-
tive charges used in a recent study of the N = 81 isotonic
chain [70] and the previous study of 136Ba [71]. In the realistic
SM calculation effective charges of eν = 0.7e and eπ = 1.7e
are used.

The newly established half-lives are converted into M2
and E3 reduced transition probabilities using the equa-
tions [72,73]:

B(M2) = 5.12 × 10−8

T1/2E5
γ

1

1 + δ2
E3
M2

μ2
N fm2 (3)

and

B(E3) = 1.21 × 10−3

T1/2E7
γ

δ2
E3
M2

1 + δ2
E3
M2

e2fm6, (4)

where T1/2, Eγ and δ E3
M2

correspond to the measured half-life
of the initial state in seconds, the γ -ray energy in MeV and
the multipole-mixing ratio of the γ ray. The experimentally
deduced B(σλ) values and the results of the shell-model
calculations are summarized in Table II.

To benchmark shell-model calculations, several previously
known B(E2) values of 129Sn and 131Te are added. The
experimental E2 reduced transition strengths of the decay
of the seniority v = 3 multiplet states Jπ = 19/2+, 23/2+,
and 27/2− [1,4] in 129Sn are well described within the three
shell-model calculations. The discrepancy between the three
calculations stays below 50% for the B(E2; 23/2+ → 19/2+)
value in 129Sn. Moreover, the calculated B(E2) transition
probability of the 19/2− → 15/2− decay in 131Te agrees well
with the experiment.

Assuming a pure M2 transition, the experimental
B(M2; 23/2+ → 19/2−) value of the Eγ = 360-keV transi-
tion in 131Te is 2.0(3) × 10−6 W.u. [2]. This value is overpre-
dicted by at least two orders of magnitudes by the shell-model
calculations. The single-particle Weisskopf estimate for the
half-life of the Eγ = 231 keV transition in 133Xe is 1.8 μs for
an M2 and 32 ms for an E3 transition. In 135Ba the half-life

corresponding to one Weisskopf unit is 1.1 μs for an M2 and
16 ms for an E3 transition. Assuming a pure M2 transition,
the Weisskopf hindrance factors of the Jπ = 23/2+ isomers
are FW = T

exp
1/2 /T W

1/2 = 4800 in 133Xe and FW = 964 in 135Ba,
compared to values of FW = 0.27 and FW = 0.066 for pure
E3 transitions, respectively.

The experimental B(M2) and B(E3) values of the
23/2+

1 → 19/2−
1 decay in 133Xe are 209(3) × 10−6 and

1.7(16) × 10−3 W.u., respectively. Calculations with the four
interactions yield B(M2) values, which overpredict the ex-
perimental result by factors of 3.2–8.1. The measured E3
admixture of the 231-keV transition is predicted at least
one to two orders of magnitude too high. Only the B(E3)
value computed by the GCN50:82 interaction is in reasonable
agreement with the measured one.

The calculations for 135Ba yield 2.2–3.9 times larger
M2 transition strengths compared to the experimental M2
transition strength B(M2; 23/2+ → 19/2−) = 1.053(40) ×
10−3 W.u. Moreover, the transition strength to the first excited
Jπ = 19/2− state is computed to be 2.277 × 10−3, 1.607 ×
10−3, and 2.627 × 10−3 W.u. by the GCN50:82, SN100-KTH,
and SN100PN interactions, respectively. The B(E3) value
of the 254-keV transition is overestimated by two orders of
magnitude.

The calculated B(M2) values depend on the choice of
proton and neutron g factors. Calculations employing gl (π ) =
1.13, gs (π ) = 4.04, gl (ν) = 0.02, and gs (ν) = −2.65, tak-
ing into account core polarization and meson-exchange cur-
rents [74,75], change the B(M2; 23/2+ → 19/2−) values
slightly to 1.679 × 10−3 W.u (SN100PN), 0.693 × 10−3 W.u
(GCN50:82), and 1.771 × 10−3 W.u (SN100-KTH) in 133Xe
and similar values of 2.559 × 10−3 W.u (SN100PN), 4.029 ×
10−3 W.u (GCN50:82), and 2.406 × 10−3 W.u (SN100-KTH)
in 135Ba.

The fact that the M2 transition operator is mainly as-
signed to a change in neutron configuration (cf. Fig 10) is
also reflected in the proton Ap and neutron An amplitudes
which serve as weighting factors for the proton and neutron
contribution to the M2 matrix elements. For the GCN50:82
interaction, the Ap and An amplitudes are 0.032 and 0.251 in
133Xe and 0.057, 0.463 in 135Ba, respectively.
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The shell-model calculations support a dominating M2
character for the 23/2+ → 19/2− transitions. Calculating the
ratio B(M2)/B(E3) by using Eqs. (3) and (4) and solving
for |δ| yields multipole-mixing ratios of 0.230, 0.068 (realistic
SM), 0.098, 0.055 (SN100PN), 0.032, 0.013 (GCN50:82), and
0.158, 0.003 (SN100-KTH) for 133Xe and 135Ba, respectively.
The values derived from the shell-model results are very sim-
ilar to the experimentally determined |δ| values of 0.021(10)
and 0.009(4). Moreover, the results support the smaller E3
admixture in 135Ba compared to 133Xe.

V. CONCLUSIONS

In summary, a detailed study of isomeric J = 23/2+ states
was performed in 133Xe and in 135Ba. Their half-lives of
T1/2 = 8.64(13) ms in 133Xe and T1/2 = 1.06(4) ms in 135Ba
close a gap along the N = 79 isotones. Measurements of the
multipole-mixing ratio and internal-conversion coefficient of
the 231-keV transition in 133Xe and the 254-keV transition
in 135Ba yield a dominant M2 character. The experimen-
tally determined B(M2) and B(E3) transition strengths are
compared to the results of large-scale shell-model calcu-
lations employing the realistic SM, GCN50:82, SN100PN,
and SN100-KTH interactions. In particular, interactions with
improved and corrected monopole parts, i.e., GCN50:82,
show a good agreement with the experimental findings. A
detailed inspection of the evolution of proton and neutron
decompositions along the N = 79 chain provide insight into
the changing nuclear structure. The neutron configuration
ν(h−2

11/2d
−1
3/2) is responsible for the isomeric character of the

23/2+ states. The different shell-model calculations follow
the measured B(M2) systematics as function of proton filling
in the gdsh orbitals along the N = 79 isotones. In particular,
the agreement between calculated and experimental B(M2)
values improves with increasing proton number.

However, the systematics of the N = 79 isotonic chain
still lacks some information. In 2013 a recoil-decay tagging

experiment reported on three feeding transitions decaying
into the isomeric Jπ = (23/2+) state at Ex = 2616 keV in
139Nd [3]. So far, there are no states observed that populate the
Jπ = 23/2+ isomers in 131Te and 135Ba. In future, a similar
measurement in both nuclei is of high interest to resolve
those feeding patterns. There is a large disagreement between
shell-model theory and experiment for the transition strength
of the 23/2+

1 → 19/2−
1 decay in 131Te, motivating new refined

experiments.
Furthermore, despite a detailed knowledge of the high-spin

regime in 137Ce, no Jπ = 23/2+
1 isomer was reported to

date. The hitherto known 23/2+ state disrupts the isotonic
systematics and is unlikely an isomer. However, the 2490-keV
state, decaying into the 19/2−

2 state, is a possible candidate
for the expected isomer [14]. Further experiments should
be performed to elucidate a possible onset of Jπ = 23/2+

1
isomerism in 137Ce.
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Salsac, N. Soić, and J. J. Valiente-Dobón, Multinucleon trans-
fer reactions in closed-shell nuclei, Phys. Rev. C 76, 024604
(2007).

[31] L. Netterdon, V. Derya, J. Endres, C. Fransen, A. Hennig,
J. Mayer, C. Müller-Gatermann, A. Sauerwein, P. Scholz, M.
Spieker, and A. Zilges, The γ -ray spectrometer HORUS and its
applications for nuclear astrophysics, Nucl. Instrum. Methods.
Phys. Res. A 754, 94 (2014).

[32] A. Gadea, E. Farnea, J. J. Valiente-Dobón, B. Million, D.
Mengoni, D. Bazzacco, F. Recchia, A. Dewald, Th. Pissulla,

054312-14



MILLISECOND 23/2+ ISOMERS IN THE N = 79 … PHYSICAL REVIEW C 98, 054312 (2018)

W. Rother, G. de Angelis et al., Conceptual design and
infrastructure for the installation of the first AGATA sub-array
at LNL, Nucl. Instrum. Methods Phys. Res. A 654, 88 (2011).

[33] A. Wiens, H. Hess, B. Birkenbach, B. Bruyneel, J. Eberth, D.
Lersch, G. Pascovici, P. Reiter, and H.-G. Thomas, The AGATA
triple cluster detector, Nucl. Instrum. Methods Phys. Res. A
618, 223 (2010).

[34] B. Bruyneel, B. Birkenbach, and P. Reiter, Pulse shape analysis
and position determination in segmented HPGe detectors: The
AGATA detector library, Eur. Phys. J. A 52, 70 (2016).

[35] A. Lopez-Martens, K. Hauschild, A. Korichi, J. Roccaz,
and J.-P. Thibaud, γ -ray tracking algorithms: a comparison,
Nucl. Instrum. Methods Phys. Res. A 533, 454 (2004).

[36] R. S. Kempley et al., Cross Coincidences in the 136Xe + 208Pb
deep-inelastic reaction, Acta Phys. Pol. B 42, 717 (2011).

[37] M. Siciliano et al., Neutron-rich nuclei in the vicinity of 208Pb,
LNL Annual Report 2014 241, 63 (2015), https://www.lnl.
infn.it/∼annrep/read_ar/2014/contributions/pdfs/
063_B_127_B122.pdf.

[38] N. Saed-Samii, Lifetime measurements using the FATIMA
array in combination with EXOGAM@ILL, Diplomarbeit,
Universität zu Köln, 2013.

[39] I. Wiedenhöver, Computer code CORLEONE, 1997 (unpub-
lished).

[40] I. Wiedenhöver, O. Vogel, H. Klein, A. Dewald, P. von
Brentano, J. Gableske, R. Krücken, N. Nicolay, A. Gelberg, P.
Petkov, A. Gizon, J. Gizon, D. Bazzaco, C. Rossi Alvarez, G.
de Angelis, S. Lunardi, P. Pavan, D. R. Napoli, S. Frauendorf, F.
Dönau, R. V. F. Janssens, and M. P. Carpenter, Detailed angular
correlation analysis with 4π spectrometers: Spin determina-
tions and multipolarity mixing measurements in 128Ba, Phys.
Rev. C 58, 721 (1998).

[41] K. S. Krane and R. M. Steffen, Determination of the E2/M1
Multipole Mixing Ratios of the Gamma Transitions in 110Cd,
Phys. Rev. C 2, 724 (1970).

[42] K. S. Krane, R. M. Steffen, and R.M. Wheeler, Directional
correlations of gamma radiations emitted from nuclear states
oriented by nuclear reactions or cryogenic methods, At. Data
Nucl. Data Tables 11, 351 (1973).

[43] O. Brandstädter, F. Girsig, F. Grass, and R. Klenk, Eine
schnelle Transportautomatik zur Untersuchung kurzlebiger
Kernzustände bis in den Millisekunden-Bereich, Nucl. Instrum.
Meth. 104, 45 (1972).

[44] W. G. Winn and D. D. Clark, Half-Life of Ba136m, Bull. Am.
Phys. Soc. 11, 775 (1966).

[45] F. Ruddy and B. D. Pate, The decay of 0.3 sec Ba136m, Nucl.
Phys. 69, 471 (1965).

[46] P. F. Fettweis and E. C. Campbell, Isomères nucléaires pro-
duits par les neutrons d’un réacteur, Nucl. Phys. 33, 272
(1962).

[47] A. Hashizume, H. Kumagai, Y. Tendow, and T. Katou, A
mechanical beam chopper system for the measurement of half-
lives in the millisecond region, Nucl. Instrum. Meth. 119, 209
(1974).

[48] H. F. Brinckmann, C. Heiser, and W. D. Fromm, Ein hochang-
eregter isomerer Kernzustand in 132Xe, Nucl. Phys. A 96, 318
(1967).

[49] H. R. Hiddleston and C. P. Browne, Nuclear data sheets for
A = 132, Nucl. Data Sheets 17, 225 (1976).

[50] A. G. Demin and Y. P. Kushakevich, New Isomers of Sc43, In109,
and Xe125, Sov. J. Nucl. Phys. 1, 138 (1965).

[51] T. Kibédi, T.W. Burrows, M. B. Trzhaskovskaya, P. M. David-
son, and C. W. Nestor, Jr., Evaluation of theoretical conversion
coefficients using BrIcc, Nucl. Instrum. Methods Phys. Res.,
Sect. A 589, 202 (2008).

[52] S. Raman, A simple method for accurate measurements of total
internal conversion coefficients, Nucl. Instrum. Methods 103,
407 (1972).

[53] H. W. Taylor, B. Singh, and D. A. Viggars, Mixing parameters
of gamma transitions in 214Po, Phys. Rev. C 34, 2322 (1986).

[54] K. Rezynkina, A. Lopez-Martens, and K. Hauschild, On the
graphical extraction of multipole mixing ratios of nuclear tran-
sitions, Nucl. Instrum. Methods Phys. Res. A 844, 96 (2017).

[55] B. A. Brown and W. D. M. Rae, The Shell-Model Code
NuShellX@MSU, Nucl. Data Sheets 120, 115 (2014).

[56] N. Shimizu, Nuclear shell-model code for massive parallel
computation, “KSHELL”, arXiv:1310.5431 [nucl-ph].

[57] E. Caurier, G. Martínez-Pinedo, F. Nowacki, A. Poves, and A.
P. Zuker, The shell model as a unified view of nuclear structure,
Rev. Mod. Phys. 77, 427 (2005).

[58] L. Coraggio, A. Covello, A. Gargano, N. Itaco, and T.T.S.
Kuo, Effective shell-model hamiltonians from realistic nucleon-
nucleon potentials within a perturbative approach, Ann. Phys.
(NY) 327, 2125 (2012).

[59] L. Coraggio, A. Covello, A. Gargano, N. Itaco, and T. T. S. Kuo,
Shell-model calculations and realistic effective interactions,
Prog. Part. Nucl. Phys. 62, 135 (2009).

[60] B. A. Brown, N. J. Stone, J. R. Stone, I. S. Towner, and
M. Hjorth-Jensen, Magnetic moments of the 2+

1 states around
132Sn, Phys. Rev. C 71, 044317 (2005).

[61] R. Machleidt, F. Sammarruca, and Y. Song, Nonlocal nature of
the nuclear force and its impact on nuclear structure, Phys. Rev.
C 53, R1483 (1996).

[62] E. Caurier, F. Nowacki, A. Poves, and K. Sieja, Collectivity in
the light xenon isotopes: A shell model study, Phys. Rev. C 82,
064304 (2010).

[63] E. Caurier, F. Nowacki, and A. Poves, Shell Model de-
scription of the ββ decay of 136Xe, Phys. Lett. B 711, 62
(2012).

[64] C. Qi, Shell-model configuration-interaction description of
quadrupole collectivity in Te isotopes, Phys. Rev. C 94, 034310
(2016).

[65] C. Qi and Z. X. Xu, Monopole-optimized effective interaction
for tin isotopes, Phys. Rev. C 86, 044323 (2012).

[66] F. LeBlanc, L. Cabaret, E. Cottereau, J. E. Crawford, S. Es-
sabaa, J. Genevey, R. Horn, G. Huber, J. Lassen, P. Lee, G.
LeScornet, J. Lettry, J. Obert, J. Oms, A. Ouchrif, J. Pinard,
H. Ravn, B. Roussiére, J. Sauvage, D. Verney, J. Pinard, L.
Cabaret, G. Huber, R. Horn, J. Lassen, J. E. Crawford, J. K. P.
Lee, J. Genevey, G. LeScornet, J. Lettry, and H. Ravn, Charge-
radius change and nuclear moments in the heavy tin isotopes
from laser spectroscopy: Charge radius of 132Sn, Phys. Rev. C
72, 034305 (2005).

[67] G. White, J. Rikovska, N. J. Stone, J. Copnell, I. S. Towner,
A. M. Oros, K. Heyde, B. Fogelberg, L. Jacobsson, and F. Gus-
tavsson, Magnetic dipole moments near 132Sn: Measurement on
isomeric 11/2− states in odd-A 131Te and 133Te by NMR/ON,
Nucl. Phys. A 640, 322 (1998).

[68] J. M. Allmond, D. C. Radford, C. Baktash, J. C. Batchelder, A.
Galindo-Uribarri, C. J. Gross, P. A. Hausladen, K. Lagergren, Y.
Larochelle, E. Padilla-Rodal, and C.-H. Yu, Coulomb excitation
of 124,126,128Sn, Phys. Rev. C 84, 061303 (2011).

054312-15



L. KAYA et al. PHYSICAL REVIEW C 98, 054312 (2018)

[69] J. K. Hwang, A. V. Ramayya, J. H. Hamilton, D. Fong, C. J.
Beyer, K. Li, P. M. Gore, E. F. Jones, Y. X. Luo, J. O.
Rasmussen, S. J. Zhu, S. C. Wu, I. Y. Lee, M. A. Stoyer,
J. D. Cole, G. M. Ter-Akopian, A. Daniel, and R. Donangelo,
Half-life measurement of excited states in neutron-rich nuclei,
Eur. Phys. J. A 25, 463 (2005).

[70] A. Vogt, B. Birkenbach, P. Reiter, A. Blazhev, M. Siciliano, K.
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Mijatović, G. Montagnoli, D. Montanari, C. Müller-Gatermann,
D. Napoli, C. J. Pearson, L. Pellegri, Zs. Podolyák, G. Pollarolo,
A. Pullia, M. Queiser, F. Radeck, F. Recchia, P. H. Regan, D.
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Addendum: Search for 23/2+ isomer in the N = 79 isotone 137Ce

Millisecond Jπ = 23/2+ isomers at excitation energies around 2 to 2.5 MeV were systematically

reported along N = 79 isotones. Typically, these isomers decay into first and second excited Jπ =

19/2− states via dominant M2 γ-ray transition. Figure 9 shows the evolution of several negative-, and

positive-parity states along the N = 79 chain, ranging from 129Sn to 139Nd. In addition, calculated

excitation energies using the GCN50:82 and SN100PN interactions are shown in the figure. The

Jπ = 23/2+ isomers in 133Xe and 135Ba are subject of the publication “Millisecond 23/2+ isomers in

the N = 79 isotones 133Xe and 135Ba”, presented in this thesis. Considering the results of this article,

isomeric Jπ = 23/2+ states were reported in 129Sn [29], 131Te [30], 133Xe [139], 135Ba [139], and
139Nd [140].
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Figure 9: Evolution of excited states along the N = 79 chain. Nuclei are arranged in individual
panels, separated by dashed vertical lines. Experimental level energies are shown in the
mid column of each panel (black). Dashed lines connecting the experimental levels with
calculated excitation energies using GCN50:82 (left column in red) and SN100PN (right
column in blue) effective interactions. The 23/2+ states are isomeric in character except
for 137Ce. Half-life values are labeled next to the states.

Despite a detailed knowledge of the high-spin regime, the position of the Jπ = 23/2+ isomer in 137Ce

remains unsolved up to now. A partial level scheme of 137Ce with the important transition used

in the present analysis is given in Fig. 10(a). The main part of the nuclear-structure information

comes from n, 3He and 4He induced experiments [141–143]. The high-spin level scheme of 137Ce

above the Jπ = 11/2− isomer (T1/2 = 34.4(3) h) at 254 keV [144] was extended up to highest spins

via 18O+124 Sn [145] and 13C+130 Te [146] reactions. A first search for high-spin isomers in 137Ce

was based on a 4He +138 Ba reaction [147]. No evidence for a long-lived state was found in the

off-beam range of 10-300 µs with respect to the beam pulse. Later, a J = (31/2) state at 4255 keV

was observed to be isomeric with a half-life of T1/2 = 5(2) ns according to the time distribution of the

depopulating 552-keV γ-ray [143]. The hitherto known Jπ = 23/2+ state in 137Ce at Ex = 3.2 MeV
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of the 430 and 815-keV transitions in 138Ce. (d) and (f) doubly-gated HPGe (red) and
LaBr3 (blue) spectra. (e) and (g) obtained delayed (blue) and anti-delayed (red) time
distributions for the 3225-keV and 2490-keV states. (h) Angular-correlation distribution
for the 450-1112-keV cascade.

does not follow the experimental isotonic systematics (see Fig. 9). In addition, both shell-model

calculations predict a yrast Jπ = 23/2+ state well below 3 MeV excitation energy. Therefore, the

discovery of Jπ = 23/2+ isomers between 2-2.5 MeV excitation energy and the results of shell-model

calculations along the N = 79 chain suggest the existence of a Jπ = 23/2+ state considerably below

Ex = 3 MeV in 137Ce. A possible candidate for the Jπ = 23/2+ isomer might be anticipated at the

2490-keV state, previously assigned to spin 23/2 ħh and later revised to Jπ = 21/2− [145, 146].

The state decays via a Eγ ≈ 300-keV γ-ray transition toward the Jπ = 19/2−2 state, followed by a

higher-energy Eγ ≈ 1.3-MeV γ-ray transition feeding the Jπ = 15/2− state. The sequence of low- and

high-energy transitions is similar to the decay cascade deexciting the Jπ = 23/2+ isomer in the −2p

isotone 135Ba.
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A possible onset of Jπ = 23/2+ isomerism along the N = 79 chain and the half-lives of the 2490-keV

and 3225-keV states in 137Ce were subject of two independent experiments at the Cologne 10 MV

FN-Tandem accelerator. In the first experiment, 137Ce was populated via a pulsed 12C beam at 65 MeV

beam energy impinging onto an enriched 130Te target. The beam pulse had a width of 75 ms and

a repetition rate of 3.33 Hz. γ rays were measured using the HORUS array [148] consisting of 14

high-purity germanium (hereafter called HPGe) detectors. Figure 10(b) shows the recorded γ-time

matrix with respect to the end of the beam pulse. In the matrix, a distinct separation between the

in-beam and off-beam γ-ray spectra is visible. A delayed 789-keV transition deexciting the Jπ = 7−

isomer (T1/2 = 8.7(2) ms [2]) in 138Ce is observed. Moreover, a delayed 430-815-keV cascade,

originating from the decay of the Jπ = 10+ isomer (T1/2 = 81(2) ns [2]) in 138Ce, emerges well above

the background. The inset Fig. 10(c) shows the gated and summed time distribution of the 430-, and

815-keV transitions. An exponential fit of the slope component yields a half-life of 80(8) ns, which is

in good agreement with the evaluated value, validating the experimental procedure up to the lower

nanosecond regime. However, no delayed transitions from 137Ce were observed in this experiment.

In accordance with the measured time resolution of the setup, a half-life of T1/2 ≤ 50 ns is suggested

for a possible Jπ = 23/2+ isomer in 137Ce.

A second experiment utilizing the electronic fast-timing technique was performed in order to measure

lower nano-, and picosecond half-lives. The HORUS array was equipped with eight HPGe detectors and

twelve cerium-doped lanthanum-bromide (hereafter called LaBr3) scintillation detectors. Six of the

LaBr3 detectors were surrounded by bismuth-germanate (BGO) veto detectors to suppress the Compton

background [149]. Time-to-amplitude (TAC) converters were used to measure the time difference

between two γ rays, detected in two LaBr3 detectors in HPGe-gated triple-coincidence spectra. Half-

lives smaller than the FWHM of the Gaussian prompt response function (PRF) were measured with

the generalized centroid difference (GCD) method [150, 151]. The energy dependency of the PRF

was determined by a 152Eu source measurement. The analysis procedures for the determination of

the half-lives of the 2490-keV and the 3225-keV states are shown in Figs. 10(d)-(g). To illustrate

that the transitions of interest are not contaminated by other transitions, doubly-gated spectra are

presented in Figs. 10(d) and (f). In both spectra, a HPGe gate on the 674-keV transition and a LaBr3

gate on the 735-keV transition were applied. The gates ensure that the 191-keV (Fig. 10(d)) and

the 450-keV (Fig. 10(f)) transitions are well separated from other lines in the LaBr3 spectrum. The

delayed and anti-delayed time spectra are generated, using 15-keV wide gates set on the full energy

peaks of the doubly-gated LaBr3 spectra (see Figs. 10(e) and (g)). After correcting the centroid

difference for background timing response, half-lives of 90(7) ps for the 3225-keV state (Fig. 10(e))

and 38(10) ps for the 2490-keV state (Fig. 10(g)) were obtained. Accordingly, an isomeric Jπ = 23/2+

state can be excluded for these states. Moreover, a spin hypothesis of 21/2−→ 19/2−→ 15/2− for

the 450-1112-keV cascade yields an excellent agreement with the experimental angular-correlation

distribution, shown in Fig. 10(h).
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The high-spin structures of 136Ba and 137Ba are investigated after multinucleon-transfer (MNT) and fusion-
evaporation reactions. 136Ba is populated in a 136Xe + 238U MNT reaction employing the high-resolution
Advanced GAmma Tracking Array (AGATA) coupled to the magnetic spectrometer PRISMA at the Laboratori
Nazionali di Legnaro, Italy, and in two 9Be + 130Te fusion-evaporation reactions using the High-efficiency
Observatory for γ -Ray Unique Spectroscopy (HORUS) at the FN tandem accelerator of the University of
Cologne, Germany. Furthermore, both isotopes are populated in an elusive reaction channel in the 11B + 130Te
fusion-evaporation reaction utilizing the HORUS γ -ray array. The level scheme above the J π = 10+ isomer
in 136Ba is revised and extended up to an excitation energy of approximately 5.5 MeV. From the results of
angular-correlation measurements, the Ex = 3707- and Ex = 4920-keV states are identified as the bandheads
of positive- and negative-parity cascades. While the high-spin regimes of both 132Te and 134Xe are characterized
by high-energy 12+ → 10+ transitions, the 136Ba E2 ground-state band is interrupted by negative-parity states
only a few hundred keV above the J π = 10+ isomer. Furthermore, spins are established for several hitherto
unassigned high-spin states in 137Ba. The new results close a gap along the high-spin structure of N < 82 Ba
isotopes. Experimental results are compared to large-scale shell-model calculations employing the GCN50:82,
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Realistic SM, PQM130, and SN100PN interactions. The calculations suggest that the bandheads of the positive-
parity bands in both isotopes are predominantly of proton character.

DOI: 10.1103/PhysRevC.99.014301

I. INTRODUCTION

The 50 � Z, N � 82 nuclei outside the doubly magic
nucleus 132Sn are described within the valence space made
up by the orbitals 0g7/2, 1d5/2, 1d3/2, 2s1/2, and 0h11/2.
A ≈ 135 nuclei near the N = 82 shell closure have the
Fermi surface in the middle of the proton d5/2-g7/2 subshell
between Z = 50 and Z = 64 and offer a fertile region to
deepen the understanding of the single-particle structure in the
framework of the nuclear shell model and to study the evo-
lution of different multiquasiparticle configurations formed
by a combined contribution of neutron holes and proton
particles.

This work focuses on the high-spin structures of 136Ba and
137Ba with one and two valence neutron holes outside the
N = 82 closed shell. Isomeric yrast Jπ = 10+ states accumu-
late in moderately neutron-rich Xe and Ba isotopes, as well
as throughout the N = 78, N = 80, and N = 82 isotones
above the Z = 50 shell closure. Along the N = 80 isotones,
between 130Sn and 142Sm, these isomers are predominantly of
νh−2

11/2 character and seniority v = 2 [1–6]. The single-particle
excitation energy of the νh11/2 neutron orbital is observed to
increase with proton number. This increase in single-particle
energy is responsible for an increase of more than 1 MeV
in the excitation energy of the yrast Jπ = 10+ state between
130Sn and 140Nd. From the proton Z = 64 subshell closure at
144Gd onwards, Jπ = 10+ isomers are proposed to have two-
proton πh2

11/2 configurations [6,7]. A compilation of high-
spin level schemes above the isomeric Jπ = 10+ states along
N = 80 is presented in Fig. 1(a).

The 10+ → 8+ isomeric transitions of 132Te and 134Xe
have low energies of 22 and 28 keV, respectively [2]. High-
spin states in the N = 80 isotone 132Te were investigated up to
spin Jπ = (17+) with an excitation energy of 6.17 MeV [8].
The states along the (16+) → (15+) → (14+) → (12+) →
(10+) cascade above the Jπ = 10+ isomer are predominantly
of νh−2

11/2 character. In 134Xe, the high-spin structure above
the isomeric Jπ = 10+ is known up to spin Jπ = (16+) at
5.83 MeV. The high-spin yrast sequence is similar to 132Te,
despite an additional tentatively assigned Jπ = 13+ state be-
tween the Jπ = 12+ and 14+ levels [9]. States of higher spins
built on the Jπ = 10+ isomers involve the rearrangement of
the valence protons since the configuration of the neutrons
is already constrained. Therefore, both 132Te and 134Xe are
characterized by high-energy 12+ → 10+ transitions of 900
and 1323 keV, respectively.

Pioneering work on 136Ba focused on low-spin states up
to the Jπ = 8+ state at Ex = 2994 keV, investigated via
Coulomb excitation [10], β-decay [11], (n, γ ) reactions [12],
and 9Be-induced fusion-evaporation reactions [13]. The Jπ =
10+ state at Ex = 3357 keV with a νh−2

11/2 configuration was
simultaneously discovered by Shizuma et al. [14] employing
a 82Se + 139La deep-inelastic reaction at 450 MeV and by
Valiente-Dobón et al. [3] who populated 136Ba in a 136Xe +

198Pt multinucleon-transfer reaction at a beam energy of 850
MeV. The groups reported half-lives of T1/2 = 94(10) ns [14]
and T1/2 = 91(2) ns [3]. Valiente-Dobón et al. employed
prompt-delayed correlations to identify seven γ -ray transi-
tions feeding the Jπ = 10+ state and established a tentative
high-spin structure. Contrary to 132Te and 134Xe, the next
excited state is located only 349 keV above the 3357-keV
isomeric state. According to shell-model calculations and sys-
tematics, it was assumed that the excitation pattern above the
Jπ = 10+ state does not correspond to an E2 yrast sequence.
Instead, a Jπ = 10−, 11−, or 12− assignment was suggested
for the Ex = 3707-keV state. However, angular-correlation
measurements were not in the scope of the experiment
[3].

Approaching the proton subshell closure, elaborate high-
spin information from heavy-ion fusion-evaporation reactions
are available for both 138Ce and 140Nd [15,16]. Measurements
of the Jπ = 10+

1 isomer’s g factors in both nuclei corrobo-
rated νh−2

11/2 neutron-hole configurations [5]. In 138Ce the E2
yrast sequence is interrupted by an intermediate Jπ = 11+
state, connecting J = 12 states of positive and negative parity
with the 82(2)-ns Jπ = 10+ isomer. Going to higher spins, the
level structure is significantly fragmented into several band
structures dominated by different quasiparticle configurations
[15].

The high-spin regime of 140Nd is even more fragmented
and explained by different two-neutron and two-proton ex-
citations [16–18]. The 33(2)-ns Jπ = 10+

1 isomer decays
via negative-parity states to the 0.6-ms Jπ = 7−

1 state. It
is directly fed by Jπ = 11− and Jπ = 10− states [18]. A
second Jπ = 10+ state was identified at 4155 keV, fed by
positive-parity states [16]. Furthermore, 140Nd exhibits a six-
quasiparticle Jπ = 20+ isomer with a half-life of T1/2 =
1.23(7) μs at 7430 keV [19].

Similar to the Jπ = 10+ isomers along N = 80, J π =
19/2− isomers are a common feature of nuclei along N =
81 [4,20,21]. A compilation of several partial level schemes
above the Jπ = 19/2− isomers is shown in Fig. 1(b).

The level scheme of 133Te is known up to 6.2 MeV with
tentative spin assignments up to Jπ = (31/2−) [24,25]. A
Jπ = (19/2−) state at 1.610 MeV is found to be isomeric
with an adopted half-life of T1/2 = 100(5) ns [26]. In 135Xe
the high-spin regime is investigated up to 4.07 MeV, however,
no spin and parities are known beyond the Jπ = 19/2− state
which is identified as an isomer with a half-life of T1/2 =
9.0(9) ns [20].

Pioneering studies of 137Ba mainly focused on low- and
medium-spin states. Data were obtained utilizing β decay
[27,28], neutron-induced reactions [29], and Coulomb exci-
tation [30]. The spins, parities, and half-lives of the ground
state and the Jπ = 11/2− isomer at 661.659(3) keV with a
half-life of 2.552(1) min are well established. First results on
medium-spin states of 137Ba were obtained by Kerek et al.
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FIG. 1. Comparison of high-spin states above (a) the J π = 10+
1 isomers along N = 80 and (b) above the J π = 19/2−

1 isomers along
N = 81. There is a significant lack of information on spin assignments in 136Ba and 137Ba. Data taken from Refs. [3,9,15,16,18,20–23].

in 1973 [21], via an α-induced reaction on a 136Xe-enriched
gas target. An isomeric state at Ex = 2350 keV with possible
spin assignments Jπ = (15/2, 17/2, 19/2) and a half-life of
T1/2 = 590(100) ns was observed. This state was found to
decay via a 120-1568-keV γ -ray cascade, finally populat-
ing the long-lived Jπ = 11/2−

1 isomer. The authors of the
present work studied 137Ba as a multinucleon-transfer and
fusion-evaporation product using the Advanced Gamma-ray
Tracking Array (AGATA) + PRISMA setup at LNL Legnaro,
the GAMMASPHERE array at Lawrence Berkeley National
Laboratory and the HORUS array at Cologne [20]. The level
scheme was extended up to approximately 5 MeV excitation
energy. Spin and parity assignments of high-spin states were
not subjects of the work [20].

In 139Ce the yrast negative-parity band based on the Jπ =
19/2− isomer is well established up to an excitation energy
of approximately 8 MeV [31,32]. A band on top of a Jπ =
19/2− isomer was initially proposed to be of negative parity
[31,32]. Recently, this structure was revised to be a positive-
parity cascade built on top of a Jπ = 23/2+ bandhead decay-
ing into the Jπ = 19/2− isomer [23].

Adding two more protons, a plethora of high-spin bands
were discovered in 141Nd [33,34]. In an earlier experiment
[4], delayed time distributions indicated a possible J = 19/2−
isomeric state with T1/2 = 26(5) ns at an energy of 2886 + x
keV. However, this isomer was not confirmed by subsequent
studies [33,34]. Moreover, no evidence of a positive-parity
band connected to the Jπ = 19/2− isomer was found to date.
Thus, the typical features of Jπ = 19/2− isomers and the

associated feeding high-spin structures along N = 81 could
be first discontinued in 141Nd.

Along the N = 80 and N = 81 isotones, spin and par-
ity assignments are missing inter alia for 136Ba and 137Ba.
Available information is limited to in part tentative excitation
energies. The aim of the present work is to complement these
earlier studies with spin and parity assignments of the high-
spin states. The systematics along the N = 80 chain suggest
that the yrast E2 12+ → 10+ cascades are first interrupted
in 136Ba accompanied by a change in nuclear structure. This
motivates a refined investigation of the high-spin features
above the isomeric Jπ = 10+ state in 136Ba and above the
isomeric Jπ = 19/2− state in 137Ba.

In this paper new results on 136Ba and 137Ba are presented.
136Ba was populated in a 136Xe + 238U multinucleon-transfer
(MNT) experiment employing the AGATA γ -ray spectrome-
ter [35] in combination with the magnetic mass spectrometer
PRISMA [36–38]. Moreover, 136Ba is investigated in two
9Be + 130Te and one 11B + 130Te fusion-evaporation exper-
iment employing two different configurations of the High-
efficiency Observatory for γ -Ray Unique Spectroscopy (HO-
RUS) [39] at the Institute of Nuclear Physics, University
of Cologne. 137Ba was populated in the 11B + 130Te fusion-
evaporation experiment. The HORUS experiments provide
detailed information on γ γ coincidences and angular corre-
lations.

This paper is organized as follows: the experimental
setup and data analysis of the experiments are described in
Sec. II, followed by the experimental results in Sec. III. A
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comparison with large-scale shell-model calculations is pre-
sented in Sec. IV before the paper is completed with a
summary and conclusions.

II. EXPERIMENTAL PROCEDURE

A. 136Xe + 238U multinucleon transfer

In this experiment, 136Ba was populated in a 136Xe + 238U
multinucleon-transfer experiment at the Laboratori Nazionali
di Legnaro, Italy. The 6.84 MeV/nucleon 136Xe beam, accel-
erated by the PIAVE+ALPI accelerator complex, impinged
onto a 1- and a 2-mg/cm2 238U target. An isotopic identifi-
cation of the nuclei of interest was provided by the magnetic
spectrometer PRISMA placed at the reaction’s grazing angle
of θlab = 50◦. γ rays from excited states in both beam- and tar-
getlike nuclei were detected with the AGATA γ -ray spectrom-
eter [35] in the demonstrator configuration [40] placed 23.5
cm from the target position. The array consisted of 15 large-
volume electronically segmented high-purity Ge (HPGe) de-
tectors in five triple cryostats [41]. An event registered by the
PRISMA focal-plane detector in coincidence with an AGATA
event was taken as a trigger for the data acquisition. In this
way the origin of the γ rays is distinguished, background from
beta decay is reduced, and a major fraction of isomeric γ -ray
transitions is suppressed.

Pulse-shape analysis of the digitized detector signals was
applied to determine the individual interaction points within
the HPGe shell [42], enabling the Orsay forward-tracking
algorithm [43] to reconstruct the individual emitted γ -ray
energies, determine the first interaction point of the γ ray in
the germanium, and, thus, the emission angle. Together with
the kinematic information from PRISMA, a precise Doppler
correction was performed. Further details on the analysis can
be found in Ref. [44].

B. Part I: 9Be + 130Te fusion-evaporation reaction

In this experiment excited states in 136Ba were populated in
a 9Be + 130Te fusion-evaporation reaction. The FN Tandem
accelerator of the Institute of Nuclear Physics, University
of Cologne, provided a 40-MeV 9Be beam. In this and two
additional experiments, introduced in Secs. II B–II D, the
target consisted of 99.3% enriched 130Te with a thickness of
1.8 mg/cm2, evaporated onto a 120-mg/cm2-thick Bi backing
plus a 132-mg/cm2-thick Cu layer for heat dissipation. In the
three experiments, all reaction products were stopped inside
the Bi backing. γ rays from excited reaction products were
measured with a γ -ray array equipped with 11 high-purity
germanium (HPGe) detectors, placed in rings at 45◦ (six
detectors) and 143◦ (five detectors) with respect to the beam
axis. In total, 9 × 107 γ γ -coincidence events were collected.

C. Part II: 9Be + 130Te fusion-evaporation reaction

Another 9Be + 130Te fusion-evaporation reaction was per-
formed at 43 MeV beam energy. The HORUS array com-
prised 14 HPGe detectors, six of them equipped with BGO
Compton-suppression shields. The detectors were positioned
on the eight corners and six faces of a cube. To reduce

background radiation from x rays, each detector was shielded
by 2-mm-thick sheets of lead and copper. Note that the
relative efficiency of the first experiment (Sec. II B) exceeds
the relative efficiency of the second experiment by a factor of
more than 16 at a γ -ray energy of 100 keV. However, the total
γ γ statistic is more than one order of magnitude higher than
in the first experiment.

D. 11B + 130Te fusion-evaporation reaction

In the third experiment, 136Ba and 137Ba were populated
via a 11B + 130Te fusion-evaporation reaction. Several fusion-
evaporation codes predict a relative cross section of <1%
for the evaporation channels of interest. The HORUS ar-
ray was arranged similarly to the second 136Ba experiment
(Sec. II C). However, no additional shielding in front of the
detectors was mounted. In total, 1.5 × 1010 γ γ -coincidence
events were recorded. Additional information about the ex-
perimental setup and the results of the γ γ analysis of this
experiment can be found in Ref. [20].

In all three fusion-evaporation experiments, γ -ray events
were processed triggerless and recorded utilizing the syn-
chronized 80-MHz XIATMDigital Gamma Finder (DGF) data-
acquisition system. The data were analyzed offline using the
codes SOCO-V2 [45] and TV [46].

The HORUS spectrometer arranged in the cube configura-
tion allows us to investigate multipole-mixing ratios of transi-
tions between excited states with the γ γ angular-correlation
code CORLEONE [47,48] based on the phase convention by
Krane, Steffen, and Wheeler [49,50]. Different hypotheses of
involved spins J1, J2, J3 and multipole-mixing ratios δ1, δ2 of

two coincident γ rays in a cascade J1
δ1−→ J2

δ2−→ J3 are eval-
uated by χ2 fits of the correlation function W (�1,�2,�) =
W (J1, δ1, J2, δ2, J3) to experimental intensities in eight dif-
ferent correlation groups, each associated with detector pairs
at angles �1,2 with respect to the beam axis and a relative
angle � between the planes spanned by the detectors and the
beam axis. Note that the correlation intensities also depend on
the orientation parameter σ : the fusion-evaporation reaction
orients the spin of the initial level J1 with respect to the beam
axis. The orientation is described by a Gaussian distribution of
the magnetic substates with mean value 〈m〉 = 0 and variance
σ 2. The width of the alignment distribution was found to be
constant at σ = 2.1. More details on the angular-correlation
analysis with CORLEONE are given in Refs. [51,52]

III. EXPERIMENTAL RESULTS

A. 136Ba

The level scheme of 136Ba deduced in the four experi-
ments is presented in Fig. 2(a). New parity assignments of
states above the Jπ = 10+ isomer are based on the parity
assignments of the isomeric 3357-keV state in 136Ba given
in Refs. [3,14]. The Jπ = 10+ assignment with the tentative
positive parity is strongly supported by systematics, shell-
model calculations, and measured DCO ratios [3,14].

The Doppler-corrected AGATA singles γ -ray spectrum of
136Ba in the 136Xe + 238U experiment is shown in Fig. 3(a).
The mass spectrum along the Ba isotopes identified with
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FIG. 2. (a) Level scheme assigned to 136Ba in the present work. Transitions and excitation energies are given in keV. γ -ray intensities above
the J π = 10+ isomer are deduced from the 9Be + 130Te experiment and normalized to the 349-keV transition. (b) Level scheme assigned
to 137Ba and normalized to the 275-keV transition. Transitions and excitation energies are taken from the previous work, using the same
11B + 130Te experiment, presented in Ref. [20]. Tentative assignments are given in brackets and dashed lines. In both isotopes new spin/parity
assignments are based on the spin/parity assignments of the isomeric 3357.3-keV state in 136Ba given in Ref. [14] and on the spin/parity
assignments of the isomeric 2349.9-keV state in 137Ba given in Refs. [20,21]. See text for details.

FIG. 3. (a) Doppler-corrected γ -ray spectrum gated on 136Ba identified in PRISMA in the 136Xe + 238U experiment. γ -ray energies are
given in keV. (b) Mass spectrum of Ba isotopes identified with PRISMA. The applied mass gate on 136Ba is marked black. A gate on the
prompt time peak between AGATA and PRISMA is applied to reduce random background.
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TABLE I. Energies, spin assignments, and relative in-beam in-
tensities for γ -ray transitions in 136Ba above the J π = 10+

1 isomer at
Ex = 3357.3 keV. Fitted energies and relative intensities normalized
to the 349.4-keV transition are taken from two experiments: I

11B
γ

from 11B + 130Te and I
9Be
γ from 9Be + 130Te.

Eγ (keV) Ei (keV) Ef (keV) Iπ
i I π

f I
11B
γ I

9Be
γ

130.1 5194.6 5064.5 (14+) (13+) 20(2) 18(2)
143.9 5064.5 4920.6 (13+) 12(+) 29(2) 23(2)
296.8 3706.7 3409.9 11(−) (9−) – weak
316.7 5194.6 4877.9 (14+) (13−

2 ) 9(2) weak
246.6 5311.1 5064.5 – (13+) 12(3) 10(1)
327.9 5522.5 5194.6 (15+) (14+) 12(3) 13(2)
349.4 3706.7 3357.3 11(−) 10(+) ≡100 ≡100
412.2 5194.6 4782.4 (14+) (13−

1 ) 10(2) weak
508.7 5386.6 4877.9 (14−) (13−

2 ) weak weak
509.8 4216.5 3706.7 12(−) 11(−) 62(9) 63(7)
565.9 4782.4 4216.5 (13−

1 ) 12(−) 25(3) 15(1)
661.4 4877.9 4216.5 (13−

2 ) 12(−) 20(2) 13(1)
848.0 5064.5 4216.5 (13+) 12(−) 30(3) 27(3)
1213.9 4920.6 3706.7 12(+) 11(−) 42(4) 35(3)
1379.7 3409.9 2030.2 (9−) 7− – weak

PRISMA and the applied gate on 136Ba is shown in the
inset Fig. 3(b). Transitions at γ -ray energies of 529, 602,
and 807 keV are contaminants from the +4n channel 140Ba.
Moderately weak lines at 262 and 1399 keV can be associated
to known transitions in the isobar 136Cs. Due to the restriction
to prompt events in the time-difference spectrum between
PRISMA and AGATA, i.e., �tPRISMA-AGATA ≈ 16 ns, transi-
tions between states below the Ex = 3357 keV, Jπ = 10+
isomer are found to be suppressed in the spectrum. The largest
peaks in the spectrum are located at 349 and 510 keV. In
previous works both transitions were placed on top of the
3357-keV isomer to form a cascade deexciting the 4217-keV
state [3,14]. Further peaks at 130, 144, 247, 328, 848, and
1214 keV are consistent with those found by Valiente-Dobón
et al. [3]. However, the placement of 130- and 247-keV
transitions was unknown in the level scheme of the previous
work due to similar relative peak intensities.

Measured intensities of coincident γ rays from the HO-
RUS experiments are summarized in the right-hand side of
Table I. All intensities are efficiency corrected and normalized
to the intensity of the 349-keV transition. Intensities are
extracted from the 9Be + 130Te experiment (I

9Be
γ ) as well as

from the 11B + 130Te experiment (I
11B
γ ). The independently

measured intensities show a consistent assignment of states
and transitions. The uncertainties in the transition energies are
±0.5 keV. Spin/parity assignments are supported by angular-
correlation measurements and shell-model calculations. Var-
ious HORUS background-subtracted prompt γ γ -coincidence
spectra from the first 9Be + 130Te experiment (see Sec. II B)
with gates on transitions above the Jπ = 10+ isomer are
shown in Figs. 4(a)–4(d). Contaminant transitions in the
spectrum gated on the 328-keV transition [Fig. 4(c)] stem
from 35/2− → 33/2− transition in 135Ba [53]. Coincident
transitions deexciting the isomeric Ex = 3357-keV state are

suppressed in intensity, due to the prompt γ γ -coincidence
time gate of 175 ns.

Figure 4(a) presents the γ -ray spectrum with a gate on
the 349-keV transition. Coincidences are labeled with filled
arrowheads. The spectrum exhibits anticipated coincidences
at 144, 328, 510, 848, and 1214 keV. Unassigned peaks at
130, 247, 566, and 661 keV, observed in the AGATA experi-
ment, are coincident to the 349-keV transition. In the previous
work [3], the 144- and 1214-keV γ rays are arranged to form
a state at Ex = 3850 keV. A gate on the 848-keV transition
is shown in Fig. 4(b). The absence of the 144-1214-keV
cascade requires the 848-keV transition to be placed parallel
to this cascade. The intensity of the 1214-keV peak in the
γ γ -coincidence spectrum gated on 349 keV exceeds the one
of the 144-keV line. Moreover, the 144-1214-keV cascade
corresponds to the sum energy of the 848-510-keV cascade.
Therefore, in accordance with the measured intensity relations
of the 1214- and 144-keV transitions, the 144-keV transition
has to be placed on top of the 1214-keV transition, resulting
in a new state at 4921 keV excitation energy.

Coincidences with the 848-keV and 1214-keV transitions
as well as intensity balances require a placement of the
130, 247, and 328-keV transitions above the 5065-keV state.
Since the 130-keV transition is mutually coincident with the
328-keV transition [cf. Fig. 4(c)], both transitions form a
328-130-keV cascade on top of the Ex = 5065-keV state. The
ordering of the 328- and 130-keV transitions agrees with the
intensity balance measured in the γ γ projections gated on
the 144-, 349-, 848-, and 1214-keV transitions. Additionally,
Fig. 4(d) shows that the 247-keV transition is not coincident
with the 328-130-keV cascade. Consequently, the 247-keV
transition is placed parallel to the 328-130-keV cascade to
establish a state at Ex = 5311 keV.

Moreover, Fig. 4(a) shows two additional coincidences at
566 and 661 keV, however, both transitions are neither coin-
cident with the transitions at 848 and 328 keV, nor with the
247-keV transition [cf. Figs. 4(a)–4(d)]. Due to insufficient
statistics we use the higher γ γ statistics from the second
9Be + 130Te experiment (see Sec. II C) to place the 566- and
661-keV transitions in the level scheme. We remind the reader
that although the total γ γ statistics of this experiment is
higher, the efficiency at small energies is limited due to the
use of absorbers.

Figures 4(e)–4(g) show double-gated γ γ γ -coincidence
and sums of double-gated γ γ γ -coincidence spectra. Both the
566- and 661-keV transitions emerge in the γ γ γ projection
gated on 510 and 349 keV, as displayed in Fig. 4(e). Hence,
the transitions have to feed the 4217-keV state. Since the
566- and 661-keV transitions are not in mutual coincidence
[cf. Figs. 4(f)–4(g)] both have to be placed parallel, directly
feeding the Ex = 4217-keV state.

Furthermore, the spectrum gated on the 510-349-keV cas-
cade [cf. Fig. 4(e)] reveals weak lines at 317 and 412 keV.
The 317-keV transition corresponds to the energy difference
between the new established states at 4878 and 5195 keV,
while the 412-keV transition corresponds to the transition
between the new established states at 4782 and 5195 keV.
As expected, the 412-keV transition is only observed in
coincidence with the 566-keV transition [cf. Fig. 4(f)] and
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FIG. 4. Prompt γ γ double-coincidence spectra from the first 9Be + 130Te experiment (see Sec. II B) with gates on (a) 349, (b) 848,
(c) 328, and (d) 247 keV. Transitions above the J π = 10+ isomer are marked with asterisks. Coincidences are labeled by filled arrowheads.
Contaminant transitions in the spectrum gated on the 328 keV stem from transitions in 135Ba. γ γ γ triple-coincidence spectra from the second
9Be + 130Te experiment (see Sec. II C) with (e) a double gate on 349 and 510 keV, a sum of double-gated triples coincidence spectra gated on
(f) 566 and 510 and 566 and 349 keV, and a similar sum spectra gated on (g) 661 and 510 and 661 and 349 keV. Prompt γ γ double-coincidence
spectra with a gate on (h) 818 and (i) 349 keV from the 11B + 130Te experiment (see Sec. II D). The gate on 349 keV is contaminated with
transitions from 137La.

the 317-keV transition is in coincidence with the 661-keV
transition [cf. Fig. 4(g)].

A further 509-keV transition is in coincidence with the
510-349-keV cascade, as shown in Fig. 4(e). The centroid of
this peak is clearly separated by 0.9 keV from the 510-keV
peak position in Fig. 4(f). Since the full width at half maxi-
mum (FWHM) of the coincident 510-keV transition gated on
566-keV is broader than the similar peak gated on 661 keV, the
509-keV transition is identified as another transition above the
4878-keV state.

An intense 1380-keV transition is observed in the AGATA
spectrum in Fig. 3. In accordance with previous studies
performed with the AGATA dataset [9,20], a transition from
a contaminant can be excluded. In the HORUS experiment
this transition is observed to be coincidence with transitions
stemming from the 5− → 2+ decay in 134Ba and in coin-

cidence with a 297-keV transition. Assuming a 1380-keV
transition above the Jπ = 7− isomer at Ex = 2030 keV, the
energy difference between the 3707-keV state and a proposed
Ex = 3410 keV state corresponds to 297 keV. Accordingly,
the 297-1380-keV cascade is tentatively placed above the
Jπ = 7− isomer, connecting the Ex = 3707-keV state with
the isomer. This assignment is further supported by the recent
observation of a similar 415-1099-keV cascade on top of the
Jπ = 7− isomer in the isotone 134Xe [9].

136Ba was also populated in the 11B + 130Te fusion-
evaporation experiment with a significantly lower relative
cross section (see Sec. II D). Figures 4(h) and 4(i) show
exemplary prompt γ γ -coincidence spectra with gates on the
818- and 349-keV transitions. Besides dominant coincident
transitions originating from the 348-keV (33/2+ → 31/2−)
decay in 137La [54], also transitions from 136Ba, including
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FIG. 5. Benchmark angular distribution of (a) the 1052-keV (19/2− → 15/2−) γ -ray transition and (b) the 391-keV (21/2− → 19/2−)
γ -ray transition, both in 135Ba. Experimental values (data points) are compared to pure dipole and quadrupole hypotheses (solid lines).
(c) Angular distribution of the 349-keV transition, feeding the J π = 10+ isomer in 136Ba. Several pure dipole and quadrupole hypotheses
(lines) are plotted. (d) Benchmark γ γ angular correlations for the 5+

1 → 4+
1 → 2+

1 (727-773-keV) cascade in 132Xe. Experimental values (data
points) are compared to calculated angular-correlation functions W (�1, �2, �) (lines) for eight correlation groups using the code CORLEONE.
Investigation for (e) the 510-349-keV cascade and (f) the 1214-349-keV cascade in 136Ba. Several spin hypotheses are plotted.

the new established transitions, are observed well above the
background. Intensities (I

11B
γ ), normalized to the intensity of

the 349-keV transition, are listed in Table I. The observed
coincidences in the 11B + 130Te experiment are consistent
with the aforementioned results and strongly support the new
results on 136Ba.

The detectors in the HORUS setup of the 9Be + 130Te
experiment (see Sec. II C) were arranged in a cube configu-
ration, yielding five rings at relative angles of 35◦ (ring 1),
45◦ (ring 2), 90◦ (ring 3), 135◦ (ring 4), and 145◦ (ring 5)
with respect to the beam axis. Figure 5(a) shows the distri-
bution of the measured singles γ -ray intensity of the well-
known 1052-keV transition (19/2− E2−→ 15/2−) in 135Ba in
the different rings, normalized to the intensity of ring 3.
Moreover, Fig. 5(b) shows a similar distribution for the 391-

keV transition (21/2− E1−→ 19/2−) in 135Ba. Both distributions
are compared with theoretical pure dipole- and quadrupole-
transition hypotheses as described by Yamazaki et al. [55].
Both angular distributions are symmetric around 90◦. The
intensity of the quadrupole 1052-keV transition (�I = 2) in
Fig. 5(a) is maximum along the beam axis, whereas the one
of the dipole 391-keV transition (�I = 1) in Fig. 5(b) is
maximum perpendicular to the beam axis, demonstrating spin
alignment with respect to the beam axis.

The characteristic investigation of dipole and quadrupole
radiation signatures in the HORUS experiment is used to
determine the multipolarity of the 349-keV transition in 136Ba.
In Fig. 5(c) the singles γ -ray intensity distribution of the

349-keV transition is compared to different theoretical pure
dipole and quadrupole distributions for spins J = 10, 11, 12

of the Ex = 3707-keV state. The 12
�I=2−−−→ 10 and 10

�I=1−−−→
10 hypotheses can be clearly rejected. Since the 349-keV
γ ray has a Weisskopf half-life estimate of T1/2 = 0.17 ms
for an E3 transition, an E3 character is disregarded. Pos-

sible 10
�I=2−−−→ 10 and 11

�I=2−−−→ 10 hypotheses show large
discrepancies between theoretical and experimental values.
Moreover, a mixed dipole-quadrupole transition with initial
spin of Jπ = 10+ does not provide a better agreement. Hence,
the four above-mentioned hypotheses can be rejected. A pure
dipole decay and an initial spin of J = 11 for the Ex = 3707-
keV state yields the best agreement with the experimental
intensity distribution.

Based on the assigned spin of the Ex = 3707-keV state,
further spin hypotheses are tested for the Ex = 4217-keV
and the newly established Ex = 4921-keV states applying the
procedure of γ γ angular correlation measurements discussed
in Sec. II. Angular-distribution functions W (�1,�2,�) of
two coincident γ -ray transitions are fitted to experimental γ -
ray intensity distributions obtained by gates on depopulating
transitions in the γ γ -coincidence matrices of eight angular-
correlation groups. Figure 5(d) shows a benchmark angular-
correlation fit of the 727-keV decay, gated on the 773-keV E2

transition in 132Xe. The fit of a 5+ δ−→ 4+ E2−→ 2+ hypothesis
yields a good agreement with the experimental distribution.
Moreover, the obtained E2/M1 multipole-mixing ratio of
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δexp. = 0.44(7) agrees well with the evaluated value of δ =
0.41+7

−8 [56].
Similarly, keeping the spin of the 3357- and the 3707-keV

state in 136Ba fixed, spins of J = 11, 12, and 13 were tested
for the Ex = 4217-keV state. One multipole-mixing ratio δ

in the J1
δ1−→ J2

δ2−→ J3 cascade is fixed while the other is
varied in order to avoid an overdeterminacy of the fit. For
a parity-changing E1 transition, a multipole-mixing ratio in

the order of δ ≈ 0 is expected. Scenarios of 11
δ1=0−−→ 11

δ2−→ 10

and 12
δ1=0−−→ 11

δ2−→ 10 for the 510-349-keV cascade yield χ2

values of 10 and 14. Obviously, a parity-changing 510-keV

E1 transition can be rejected. Moreover, a 13
δ1=0−−→ 11

δ2−→ 10
assumption does not fit the experimental data, which excludes
an E2 transition with 510 keV. Vice versa, keeping δ2 =
0 fixed, a much better agreement is obtained. Figure 5(e)
visualizes the angular-correlation distribution for the 510-349
keV cascade in 136Ba with respect to the different groups. The

12
δ1−→ 11

δ2=0−−→ 10 hypothesis with δ1 = −0.15(6) (χ2 = 1.1)
gives the best agreement with the experimental W (�1,�2,�)
distribution in all correlation groups. Thus, a spin of J = 12
is assigned to the 4217-keV state. Apart from that, simi-
lar fits assuming a larger fixed δ2 value for the 349-keV

transition yield significantly worse χ2 values of the 12
δ1−→

11
δ2−→ 10 hypothesis (i.e., δ2 ≡ ±0.05; χ2 > 2.6 and δ2 ≡

±0.1; χ2 > 3.3). Hence, on the basis of a pure-dipole char-
acter for the 349-keV γ -ray as shown in Fig. 5(c) and the
overall agreement with the shell-model calculations presented
in Sec. IV A, a parity changing E1 transition is proposed
leading to a negative parity assignment of the 3707-keV
state.

Employing the same method, the spin of the newly es-
tablished excited state at Ex = 4921 keV is determined, as
shown in Fig. 5(f). Spins of J = 11, 12, and 13 are tested.
Assuming δ2 = 0, the 1214-349-keV cascade is best repro-

duced by a 12
δ1−→ 11

δ2−→ 10 sequence with δ1 = −0.01(12).
Vice versa, keeping δ1 = 0 fixed, δ2 is determined to be in
agreement with zero. The obtained χ2 values of both fits are
similar, showing the mutual consistency of both hypotheses.
Consequently, similar to the negative-parity Ex = 4217-keV
state, the Ex = 4920-keV state has a spin of J = 12. The
pure dipole character of the 1214-keV transition suggests a E1
character of this transition, indicating that the Ex = 4920-keV
state has different spin than the Ex = 3707-keV state and
is therefore most probably of positive parity. Moreover, the
independently measured 1214-349-keV cascade supports a
pure-dipole E1 349-keV transition.

The γ γ angular-correlation analysis is further exploited
to verify the validity of the 297-1380-keV cascade on top
of the Jπ = 7− isomer. The spin of the initial J = 11 state
and that of the final J = 7 state are fixed. A spin assumption
of J = 9 for the Ex = 3410-keV state yields a χ2 value
of 1.8, compared to χ2 values of 2.2 and 2.3 for J = 10
and J = 8 hypotheses. Since an E3 or M2 transition in this
cascade would corroborate another isomer, a spin assign-
ment of J = 9 for the Ex = 3410-keV state is necessary to
keep a prompt decay character. Consequently, the angular-

correlation measurement supports the 297-1380-keV cascade
in 136Ba.

B. 137Ba

In a previous work by this group [20], the level scheme
of 137Ba above the Jπ = 19/2− isomer was extended to the
structure presented in Fig. 2(b), using the γ γ coincidences
from the 11B + 130Te experiment introduced in Sec. II D.
This paper focuses on the angular-distribution and angular-
correlation analysis of this data set. Note that the new deter-
mined spins and parity of the high-spin states is based on the
tentative Jπ = 19/2− assignment of the isomeric 2350-keV
state in 137Ba given in Refs. [20,21]. However, the assignment
is strongly supported by systematics and shell-model calcula-
tions.

Due to the low cross section of the p3n evaporation
channel, the basis of the data analysis are double-γ HPGe
coincidences to reduce the complexity of the γ -ray spectra
of the different rings of the HORUS setup. The fusion-
evaporation reaction orients the spin of the initial level with
respect to the beam axis. However, according to the very long
half-life of the Jπ = 19/2− state, the 120-1568-keV cascade
is no longer aligned with respect to the beam axis; it decays
instead isotropic. Thus, a γ -ray gate on 1568 keV does affect
the alignment with respect to the beam axis for coincident
transitions above the isomer.

To verify that the spins above the isomer are still aligned
with respect to the beam axis, a benchmark angular γ -ray

distribution of the well-known 1172-keV (23/2− E2−→ 19/2−
[54]) transition in 137La is shown in Fig. 6(a). The intensities
in the different rings are extracted from the corresponding
γ -ray spectra, gated on the 782-keV (15/2− → 11/2−) transi-
tion, located below the Jπ = 19/2− [T1/2 = 360(40) ns [57]]
isomer. A good agreement between measured and theoreti-
cal intensity distribution of a pure quadropole transition is
demonstrated.

In 137Ba the Jπ = 19/2− [T1/2 = 0.589(20) μs [20]] iso-
mer decays via a 120-1568-keV cascade. Applying a 1568-
keV gate to all rings, comparisons between measured and
theoretical angular distributions for the 275- and 1195-keV
transitions in 137Ba are shown in Figs. 6(b) and 6(c). In
both cases, the highest intensity was measured in the de-
tectors perpendicular to the beam axis, which is opposite to
the distribution of the benchmark quadrupole transition pre-
sented in Fig. 6(a). Therefore, both experimentally determined
intensity distributions are incompatible with a quadrupole

23/2
�I=2−−−→ 19/2 transition. Also an E3 transition can be

clearly rejected for both γ rays, since the Weisskopf half-life
estimate is several orders of magnitude larger compared to
a competitive quadrupole transition. Moreover, pure as well

as mixed quadrupole/dipole 19/2
�I=1,2−−−−→ 19/2 transitions do

not fit the experimental data. Overall, a J = 21/2 hypoth-
esis for both initial states match the experimental values
best.

Spins of the 2913- and 3841-keV states are determined
using the γ γ -coincidence angular-correlation technique. The
number of groups has to be reduced in order to perform
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FIG. 6. Angular distributions of transitions in 137La and 137Ba. Experimental distribution is obtained in the γ -ray spectra, gated on
disoriented transitions below the isomers. (a) Benchmark angular distribution of the well-known 1172-keV (23/2− → 19/2−) γ -ray transition
in 137La. The pure quadrupole hypothesis is well reproduced with this approach. Angular distribution of (b) 275- and (c) 1195-keV
transition, decaying into the 19/2− isomer in 137Ba. Intensities are extracted from γ γ coincident spectra with a gate on the 15/2− → 11/2−

transition. Several pure dipole and quadrupole hypotheses (lines) are plotted. (d) Benchmark γ γ angular correlations for the 4+
1 → 2+

1 → 0+
1

(1048-818-keV) cascade in 136Ba. Investigation for (e) the 289-275-keV cascade and (f) the 296-1195-keV cascade in 137Ba. Several spin
hypotheses are plotted.

angular-correlation measurements in the elusive Ba channels.
To ensure the quality of the angular-correlation analysis, a
benchmark fit of the well-established 4+ → 2+ → 0+ cas-
cade in 136Ba is presented in Fig. 6(d). The E2 character of
the 1048-keV transition is well reproduced.

The singles γ -ray angular-distribution measurement sug-
gested a spin of J = 21/2 for both the 2624- and 3545-
keV state [cf. Fig. 6(b) and 6(c)]. Consequently, the spin
values of the 2913- and 3841-keV states are limited to J =
21/2, 23/2, and 25/2. Figure 6(e) shows the experimental
angular-correlation distribution of the 289-keV transition in
the different groups, gated on the 275-keV transition. As-
suming a vanishing multipole-mixing ration (δ1 = 0) of the
289-keV transition and a variable δ2 value of the 275-keV
transition, fits of the three aforementioned hypotheses results
in χ2 values larger than 4. Furthermore, fixing the 275-keV
transition to a dipole character (δ2 = 0) and varying the δ1

value of the 289-keV transition, χ2 values larger than 6
were obtained. Since the 275- and 289-keV transitions are
incompatible with a multipole-mixing ratio of zero, a parity-
changing E1 character of the 275- or 289-keV transition can
be ruled out. Likewise, a parity-conserving E2 character with
a spin change from J = 25/2 to J = 21/2 for the 289-keV
transition is not compatible with the experimental distribution.
Figure 6(e) shows two examples for fits with corresponding
χ2 values of 12.7 and 8.2. Since the 289-275-keV cascade

built on the Jπ = 19/2− state has no parity-changing char-
acter, we propose negative-parity states Jπ = 21/2− at Ex =
2624-keV and Jπ = 23/2− at Ex = 2913-keV.

Figure 6(f) shows the experimentally deduced angular-
correlation intensity distribution for the coincident γ rays
at 1195 and 296 keV, compared to calculated values for
different scenarios of the spin and parity of the 3841-keV
state. Fixing the spin value of the 3545-keV state to J =
21/2, hypotheses with pure dipole character (21/2

δ1=0−−→ 21/2

or 23/2
δ1=0−−→ 21/2) as well as a pure quadrupole character

(25/2
δ1=0−−→ 21/2) yield a limited agreement with the data.

Instead, a good match is obtained by assuming a dominant
dipole component (δ2 = 0) for the 21/2 → 19/2 1195-keV
transition and a nonzero δ1 value for the 296-keV transition.
A hypothesis of J = 23/2 for the Ex = 3841 keV state yields
the best result. The nonvanishing multipole-mixing ratio δ1 =
−0.09(3) clearly indicates that the 296-keV transition is parity
conserving. Assuming a nonzero fixed δ2 value of the 1195-
keV transition and a variable δ1 value of the 296-keV tran-

sition, the χ2 value of the 23/2
δ1−→ 21/2

δ2−→ 19/2 hypothesis
get larger (i.e., δ2 = ±0.05; χ2 > 2.2 and δ2 = ±0.1; χ2 >
2.9). Based on the results of the shell-model calculations
presented in Sec. IV B, this observation supports a pure-dipole
E1 1195-keV transition which is in line with a change from
negative to positive parity.
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IV. SHELL MODEL

The extended level schemes of 136Ba and 137Ba are com-
pared with the results of shell-model theory. All shell-model
calculations were carried out in an untruncated gdsh valence
space outside doubly magic 100Sn, employing the shell-model
code NUSHELLX@MSU [58], the massive-parallelization code
KSHELL [59], and the ANTOINE shell-model code [60].

The first calculation is conducted with the effective interac-
tion GCN50:82 [61,62]. The interaction is derived from a real-
istic G matrix based on the Bonn-C potential [63]. Empirical
monopole corrections to the original G matrix are introduced
by fitting different combinations of two-body matrix elements
to sets of experimental excitation energies from even-even and
even-odd semimagic nuclei.

The second calculation is conducted in the framework of
the realistic shell model [64,65], denoted as realistic SM.
Single-particle energies and two-body effective interaction
are determined from the established CD-Bonn free nucleon-
nucleon potential [63] using the Vlow-k approach with a cutoff
momentum of � = 2.6 fm−1, plus the Coulomb force for
protons. The effective shell-model Hamiltonian is derived
iteratively by means of the many-body perturbation theory in
the Q̂-box folded diagram expansion, including all diagrams
up to third order in the interaction. More details can be found
in Ref. [66].

A third calculation is performed utilizing the frame-
work of the pair-truncated shell model, denoted as PQM130
(Pairing+QQ+Multipole for mass region 130). The approach
leverages a pairing-plus-quadrupole interaction that consists
of spherical single-particle energies, a monopole pairing, a
quadrupole pairing, and a quadrupole-quadrupole interaction.
The Hamiltonian in each neutron and proton space is di-
agonalized separately and afterwards the total Hamiltonian
is diagonalized in the truncated space. More details on the
calculation are given in Refs. [67,68].

Another calculation is carried out with the jj55pn Hamil-
tonian (referred to as the SN100PN interaction) [69]. The
Hamiltonian consists of four terms covering the neutron-
neutron, neutron-proton, proton-proton, and Coulomb repul-
sion between the protons individually. A renormalized G ma-
trix derived from the CD-Bonn interaction [63] was employed
to construct the realistic two-body residual interaction. The
proton and neutron single-particle energies are based upon the
energy levels in 133Sb and 131Sn.

A. 136Ba

As a first benchmark for the validity of the shell-model
results in the high-spin regime, reduced transition probabil-
ities B(E2; 10+

1 → 8+
1 ) are calculated with the GCN50:82,

Realistic SM, and SN100PN interactions. Effective charges
are chosen as eπ = 1.82 and eν = 0.82 in the GCN50:82
and SN100PN interaction, while an effective microscopic E2
operator, derived consistently with the effective Hamiltonian,
is employed in realistic SM. The effective charge values are
equal to the charges used in a previous study of 136Ba [3].

The calculated B(E2; 10+
1 → 8+

1 ) values of 0.81 e2 fm4

(GCN50:82), 0.44 e2 fm4 (SN100PN), and 0.22 e2 fm4 (re-

alistic SM) are in reasonable agreement with the previ-
ously reported experimental values of 0.97(2) e2 fm4 [3] and
0.96(10) e2 fm4 [14]. The agreement between the calculated
and experimental B(E2; 10+

1 → 8+
1 ) values has improved

considerably compared to the shell-model calculations con-
ducted in Ref. [3].

Calculated level energies of four shell-model calculations
are compared to the experimental levels of 136Ba, as shown
in Fig. 7 [(c) GCN50:82; (d) PQM130; (e) realistic SM;
and (f) SN100PN]. Since states above the Jπ = 10+ iso-
mer are the subject of this discussion, only these states
are displayed. However, also the excitation energies of the
yrast states Jπ = 2+, 4+, 6+, and 8+ at excitation energies
of Ex = 819, 1867, 2207, and 2994 keV are well repro-
duced. The different shell-model calculations locate the corre-
sponding states at energies of Ex = 842, 1873, 2195, 3036
(GCN50:80), Ex = 1041, 1959, 2297, 3209 (realistic SM),
Ex = 814, 1638, 2230, 3109 (PQM130), and Ex = 893,
1896, 2083, 2959 keV (SN100PN).

The calculations predict the Jπ = 10+
1 state with the νh−2

11/2
configuration at excitation energies of 3332 (GCN), 3354
(realistic SM), 3164 (PQM130), and 3126 keV (SN100PN),
which are in good agreement with the experimentally de-
termined energy of 3357 keV. In particular, the GCN50:82
interaction provides an excellent agreement with the well-
known yrast states Jπ � 10+. Larger discrepancies between
the calculations emerge in the high-spin regime; e.g., the
predictions for the first excited Jπ = 12+ state differs by
0.5 MeV.

The angular-correlation and angular-distribution measure-
ments in Sec. III A indicated a Jπ = 11 assignment for the
3707-keV state and a pure-dipole character for the 349-
keV transition. It is noteworthy that all interactions do not
predict a yrast positive-parity state with spin J > 10 until
approximately 1 MeV above the Jπ = 10+ state. However,
all four interactions yield excited Jπ = 10+

2 , 10−
1 , and 11−

1
states only a few hundred keV above the isomer. Moreover,
Jπ = 11+ states are coherently predicted at higher energies
than the Jπ = 11− states. Accordingly, a parity-changing E1
transition is proposed and the state at Ex = 3707 keV is
identified as the Jπ = 11− state, based on these theoretical
findings. Assuming a proceeding negative-parity character
of this band, the states at Ex = 4782 and Ex = 4878 keV,
decaying parallel into the Jπ = 12− 4217-keV state, can most
likely be interpreted as the first and second excited Jπ = 13−
states.

In the calculations the energy difference between the Jπ =
12+

1 and Jπ = 10+
1 state amount to 1555 (GCN50:82), 1551

(realistic SM), 1543 (PQM130), and 1442 keV (SN100PN).
The calculated values are in good agreement with the exper-
imentally observed energy difference of 1562 keV between
the Jπ = 10+

1 and the Ex = 4920-keV state. In the aforemen-
tioned discussion of Fig. 5(f) a pure-dipole character of the
1214-keV transition was confirmed, which suggests a parity
change. Combining this experimental result with the shell-
model results, the Ex = 4920-keV state is clearly assigned to
Jπ = 12+.

On top of the Ex = 4921-keV state, a low-energy 328-
130-144-keV cascade is observed. The calculated transition
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FIG. 7. Comparison of experimental energy spectra with the results of shell-model calculations for 136Ba. Only states above the J π = 10+

state are displayed. For clarity, the states are separated into columns for positive- and negative-parity states, as well as for yrast and yrare
states. (a),(b) Experimental energy spectra, shell-model results obtained with (c) GCN50:82, (d) PQM130, (e) realistic SM and, (f) SN100PN
interactions.

energies in the 15+ → 14+ → 13+ → 12+ cascade are 388-
103-177 (GCN), 314-111-39 (realistic SM), 397-215-106
(PQM130), and 233-111-135 keV (SN100PN), respectively.
According to the good agreement between calculated and
experimental energy differences, the 328-130-144-keV cas-
cade can most likely be attributed to the 15+ → 14+ →
13+ → 12+ sequence. Shell-model calculations suggest a
dominant M1 character for this band; i.e., GCN50:82 pre-
dicts multipole-mixing ratios of δ15→14 = −0.05, δ14→13 =
−0.01, and δ13→12 = −0.02 which are very similar to the
values calculated with SN100PN. In the calculations Jπ =
9− states are predicted slightly above the Jπ = 10+ isomer.
In accordance with the angular-correlation measurement, a
tentative spin assignment of Jπ = (9−) for the Ex = 3410-
keV state is made.

The shell-model results provide insight into the structure
of the levels built on top of the isomeric Jπ = 10+

1 state.
The nuclear structure of 136Ba and the −2p isotone 134Xe
have similar characteristics. Figure 8 shows a detailed de-
composition of several states into their proton and neutron
configurations in (a)–(f) 136Ba and (g)–(l) 134Xe computed
with GCN50:82 (filled blue boxes) and SN100PN (empty red

boxes). The decomposition of the total angular momentum
of states in 134Xe and 136Ba are presented in Figs. 9(a)–9(l)
indicating which nucleon pairs are broken to obtain the total
angular momentum of the calculated states.

Although more fragmented in 136Ba, the configurations
resemble the ones in 134Xe. In the different positive- and
negative-parity states, protons are easily redistributed from
g7/2 to d5/2, i.e., these orbitals are energetically close together.

The configurations of the Jπ = 8+
1 state in 134Xe and 136Ba

are predicted to be highly fragmented in both calculations, as
displayed in Figs. 8(a) and 8(g). In 134Xe, the four valence
protons mainly occupy the π (g4

7/2) and the π (g3
7/2d

1
5/2) con-

figuration. The total angular momentum of the Jπ = 8+ state
is mainly generated from these configurations in the proton
space, as visible in Fig. 9(g). Excitations into the proton h11/2

orbital can be neglected (<2%). Using GCN50:82, the neu-
tron configurations νh−2

11/2, ν(h−1
11/2s

−1
1/2), and νd−2

3/2 account
for 20%, 10%, and 16% of the overall configuration in the
Jπ = 8+

1 state in 136Ba, respectively. In the realistic-SM cal-
culation main configurations are couplings of the π (g5

7/2d
1
5/2)

proton configuration to (17%) νd−2
3/2 and (15%) νh−2

11/2, which
is in good agreement with the results of the GCN50:82 and
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FIG. 8. Decomposition of the total wave function configuration into its proton and neutron components for several positive- and negative-
parity states in (a)–(f) 136Ba and (g)–(l) 134Xe, employing the GCN50:82 (filled blue boxes) and the SN100PN interaction (empty red boxes).
Strongest components in the GCN50:82 interaction are labeled with corresponding percentages. The other configurations of both calculations
are drawn with areas proportional to their percentages.

SN100PN calculations. Similarly to 134Xe, the Jπ = 8+ state
in 136Ba is dominated by proton spins of (45%) Iπ = 8 and
(37%) Iπ = 6, as displayed in Fig. 9(a).

The wave function of the isomeric Jπ = 10+
1 state in

136Ba is dominated by the neutron ν(h−2
11/2) configuration

with spins of 56% ν10+ ⊗ π0+ and 30% ν10+ ⊗ π2+ . A ma-
jor ν(h−2

11/2) configuration for the Jπ = 10+
1 state is also in

accordance with the SN100PN and realistic SM calculations.
Significant deviations between the calculations arise for the
Jπ = 12+

1 state in 136Ba. The decomposition matrix of the
Jπ = 12+

1 bandhead of the positive-parity band computed by
the GCN50:82 interaction, displayed in Fig. 8(d), shows an
additional occupation of the neutron d3/2 and s1/2 orbital,
which reduces the occupation of the ν(h−2

11/2) configuration.

FIG. 9. Decomposition of the total angular momentum of selected states of (a)–(f) 136Ba and (g)–(l) 134Xe, using the GCN50:82 interaction
(filled blue boxes) and the SN100PN interaction (empty red boxes) into their proton and neutron spins.
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A declining impact of the ν(h−2
11/2) configuration of the

Jπ = 12+
1 state in 136Ba is also predicted by the realistic

SM where π (g5
7/2h

1
11/2) ⊗ ν(d−1

3/2h
−1
11/2) is computed as the

main configuration with a probability of 51%. However, the
SN100PN interaction does not predict a change of neutron
occupation between the Jπ = 10+

1 and Jπ = 12+
1 states. Such

discrepancies between both calculations are not observed for
states in 134Xe.

The differences in the predicted structure of the Jπ =
12+ state is mirrored in the spin composition, as visible in
Fig. 9(d). While the SN100PN interaction predicts a dominant
neutron spin of (91%) Iν = 10+, the GCN50:82 predicts this
fully aligned neutron-spin configuration to be insignificant
(7%). Instead, major contributions stem from π12+ ⊗ ν0+ and
π10+ ⊗ ν2+ . The proton spin is generated dominantly by the
π (g4

7/2d
2
5/2) configuration with a maximum spin contribution

of Iπ = 12. The proton h11/2 orbital does not contribute
considerably (<2%) to the configuration of the Jπ = 12+
state using GCN50:82.

Going to higher spins along the positive-parity band, a
strong ν(h−2

11/2) contribution returns to prevail for Jπ � 13+
1

states in the GCN50:82 calculation. Configurations includ-
ing the neutron d3/2 orbital become negligibly small in the
GCN50:82 and SN100PN interactions. In contrast, the lead-
ing neutron configuration of the negative-parity states with
Jπ > 10−

1 is ν(h−1
11/2d

−1
3/2). The neutron ν(h−2

11/2) configuration
nearly vanishes in the decomposition of the negative-parity
states.

The role of the different proton and neutron orbitals is
further scrutinized by investigating the evolution of average
occupation numbers of neutrons in the gdsh model space
for several high-spin states in N = 80 isotones, as listed
in Table II. In all even-mass isotones from 134Xe to 138Ce,
the average occupation of the neutron h11/2 orbital for the
Jπ = 10+ states is Nν ≈ 10, indicating a two-neutron νh−2

11/2
configuration. However, in the GCN50:82 and realistic SM
interactions, the νd3/2 orbital is gaining significance for the
Jπ = 11−

1 and 12+
1 states from 136Ba onwards. Furthermore,

both states have only one neutron hole in the νh11/2 orbital
(Nν ≈ 11). For completeness, the corresponding average oc-
cupation of the neutron d3/2, s1/2, and h11/2 orbitals in the
realistic SM calculation have values of 3.12, 1.99, 11.01
for the Jπ = 11−

1 state and 3.23, 1.87, 11.00 for the Jπ =
12+

1 state, respectively. Accordingly, proton configurations are
vital to generate the spin, which is consistent with the results
presented in Figs. 8(c) and 8(d). Hence, the configuration of
the Jπ = 12+

1 state in 136Ba, calculated by GCN50:82 and
realistic SM, mirrors the configuration of the Jπ = 11−

1 state
rather than that of the Jπ = 10+

1 state, which supports a decay
of the Jπ = 12+

1 state into the Jπ = 11−
1 state.

The dominating proton configuration of the yrast Jπ = 8+
state causes the isomeric character of the two-neutron hole
Jπ = 10+

1 state [3]. In a similar way, the unobserved 12+ →
10+ transition can be understood microscopically. 136Ba is
the lowest-mass isotone along the N = 80 chain in which an
angular momentum of J = 12 can be generated exclusively
from protons in the g7/2 and d5/2 orbitals [i.e., π (g4

7/2d
2
5/2)].

The dominating proton configuration of the Jπ = 12+ state,

TABLE II. Average neutron occupation numbers in each single-
particle orbit of the gdsh model space for observed high-spin states
in 134Xe, 136Ba, and 138Ce using the GCN50:82 and SN100PN
interaction.

Isotope J π g7/2 d5/2 d3/2 s1/2 h11/2

GCN50:81
134Xe 10+

1 8.00 6.00 4.00 2.00 10.00
11−

1 7.97 5.97 3.06 1.99 11.00
12+

1 8.00 6.00 4.00 2.00 10.00
136Ba 10+

1 7.99 5.99 4.00 2.00 10.03
11−

1 7.96 5.96 3.09 1.99 11.00
12+

1 7.87 5.86 3.57 1.79 10.91
138Ce 10+

1 7.98 5.98 3.99 2.00 10.05
11−

1 7.94 5.95 3.11 1.99 11.00
12+

1 7.94 5.96 3.16 1.94 11.00

SN100PN
134Xe 10+

1 8.00 6.00 4.00 2.00 10.00
11−

1 7.98 5.96 3.07 1.99 11.00
12+

1 8.00 6.00 4.00 2.00 10.00
136Ba 10+

1 8.00 6.00 4.00 2.00 10.00
11−

1 7.97 5.95 3.11 1.98 11.00
12+

1 8.00 5.99 3.99 2.00 10.03
138Ce 10+

1 7.99 5.99 4.00 2.00 10.02
11−

1 7.95 5.93 3.13 1.99 11.00
12+

1 7.96 5.94 3.21 1.89 11.00

as calculated by the GCN50:82 interaction and the realistic-
SM interaction, hinders a decay into the two-neutron hole
Jπ = 10+ state. Calculated reduced transition probabilities
B(E2; 12+ → 10+) underpin the reliability of the GCN50:82
and realistic-SM interaction. Corresponding values are com-
patible in 134Xe (215 e2 fm4 with GCN50:82 and 222 e2 fm4

with SN100PN), while they differ significantly in 136Ba: The
larger proton component in the Jπ = 12+ state causes a lower
B(E2; 12+ → 10+) value of 62 e2 fm4 in the GCN50:82
and of 3 e2 fm4 in the realistic-SM calculation, compared to
B(E2; 12+ → 10+) = 375 e2 fm4 using SN100PN. The low
B(E2; 12+ → 10+) values in the GCN50:82 and realistic-SM
calculations is in agreement with the experimentally unob-
servability of this transition.

Interestingly, adding two protons to 136Ba, the occupation
number of Nν ≈ 11 for the neutron h11/2 orbital in Table II
indicates that the SN100PN interaction predicts an emerging
proton component for the Jπ = 12+ state in 138Ce.

B. 137Ba

Calculated level energies for states above the J = 19/2−
isomer in 137Ba [(c) GCN50:82; (d) PQM130; (e) realistic
SM and (f) SN100PN], are compared to experimental level
energies in Fig. 10. The pivotal J = 11/2− neutron-hole
isomer at Ex = 662 keV is predicted at excitation energies
of 534 (GCN50:82), 643 (realistic SM), 692 (PQM130), and
478 keV (SN100PN). The shell-model calculations compute
the 120-1567-keV cascade to have γ -ray energies of 285-
1396 (GCN50:82), 412-1491 (PQM130), and 231-1396 keV
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FIG. 10. Comparison of experimental energy spectra with the results of shell-model calculations for 137Ba. Only states above the J π =
19/2− state are displayed. For clarity, the states are separated into columns for positive- and negative-parity states, as well as for yrast and
yrare excited states. (a),(b) Experimental energy spectra, shell-model results obtained with (c) GCN50:82, (d) PQM130, (e) realistic SM, and
(f) SN100PN interactions.

(SN100PN). Going to higher spins, the energy differences in
the four calculations between states of same spin and parity
amount for up to 1 MeV.

In the calculated excitation pattern, the Jπ = 21/2−
1

states emerge at 240 (GCN50:82), 195 (realistic SM), 234
(PQM130), and 220 keV (SN100PN) above the Jπ =
19/2−

1 states. Moreover, Jπ = 23/2−
1 states are predicted

684 (GCN50:82), 465 (realistic SM), 100 (PQM130), and
425 keV (SN100PN) higher in excitation energy with re-
spect to the Jπ = 21/2−

1 state. In accordance with the re-
sults of γ γ angular-correlation measurements [see Figs. 6(b)
and 6(e)], which confirmed mixed M1/E2 289- and 275-
keV transitions and therefore a parity-conserving 289-275-
keV cascade, the Ex = 2624- and Ex = 2913-keV states are
identified as the first excited Jπ = 21/2− and 23/2− states,
respectively.

Going to higher spins along the negative-parity band, in
particular GCN50:82 tend to group pairs of yrast spins (Jπ =
25/2−, 27/2−) and (Jπ = 29/2−, 31/2−). Both groups are
separated by a larger energy gap compared to the energy gaps
between both states within the group. This observation asso-
ciates the Ex = 3611-keV state with Jπ = (25/2−, 27/2−)
and the Ex = 4233-keV state with Jπ = (29/2−, 31/2−).

Similar to the Ex = 2624-keV state, also the spin of
the Ex = 3545-keV state is measured to be of spin J =
21/2 [see Fig. 6(c)]. Positive-parity states of similar spin
(J � 19/2+

1 ) are calculated to appear at higher excitation
energy than the Jπ = 19/2−

1 state. The energy difference
between the Jπ = 19/2−

1 and 21/2+
1 states is predicted to

be 1323 (GCN50:82), 1067 (realistic SM), 1360 (PQM130),
and 1337 keV (SN100PN). In accordance with the experi-
mental results obtained in the angular-correlation and angular-
distribution investigations [see Figs. 6(c) and 6(f)], the state at
Ex = 3545 keV is interpreted as the first excited Jπ = 21/2+
state and, thus, as the bandhead of the positive-parity band.

Moreover, assuming a J = 23/2 assignment for the 3841-
keV state, the multipole-mixing ratio of the 296-keV tran-
sition is measured as δ = −0.09(3) which suggests that the
3841-keV state has the same parity as the 3545-keV state
[see Fig. 6(f)]. Excited J = 23/2+

1 states are calculated 152
to 453 keV above the J = 21/2+

1 states. Consequently, a spin
of Jπ = 23/2+ for the Ex = 3841-keV state is in agreement
with shell-model calculations.

Due to the large density of predicted states above 4 MeV,
no unambiguous assignment for the Ex = 4120- and 4799-
keV states is possible. Since both states do not exhibit decay
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FIG. 11. Decomposition of the total angular momentum of se-
lected states of 137Ba, using the GCN50:82 interaction (filled blue
boxes) and the SN100PN interaction (empty red boxes) into their
proton and neutron spins Iπ ⊗ Iν .

branches into the Jπ = 19/2− or 21/2− state, they have most
likely spins J > 23/2. By a similar argument the 3322- and
4152-keV states are interpreted to have a spin of J > 21/2.
Otherwise, they would directly decay to the Jπ = 19/2−
state.

The theoretical wave functions of 137Ba are not as frag-
mented as in 136Ba. The decomposition of the total angular
momentum I = Iπ ⊗ Iν into its proton and neutron compo-
nents for the Jπ = 19/2−

1 , 21/2+
1 , and 23/2+

1 states in 137Ba
predicted by the GCN50:82 and SN100PN is presented in
Fig. 11. Table III shows the calculated average neutron oc-
cupation numbers of each orbital in the gdsh model space. For
GCN50:82, the Jπ = 19/2−

1 isomer consists mainly (29%)
of the νh−1

11/2 ⊗ π (g5
7/2d

1
5/2), 21% of the νh−1

11/2 ⊗ π (g3
7/2d

3
5/2),

and 13% of the νh−1
11/2 ⊗ π (g4

7/2d
2
5/2) configuration. The

dominating neutron-hole νh−1
11/2 configuration is also visible

in the average occupation numbers with an occupation of
Nν ≈ 11 in the neutron h11/2 orbital. Also the SN100PN
and the realistic-SM calculation predict a strong neutron-hole
νh−1

11/2 configuration for the Jπ = 19/2−
1 state. Couplings of

this configuration to proton configurations with spins of 4+
(33%), 5+ (16%), and 6+ (41%) contribute to the Jπ = 19/2−

1
state. Also for the Jπ = 21/2−, J π = 23/2−, and higher-
lying negative-parity states the neutron νh−1

11/2 configuration
dominates.

The positive-parity bands in 136Ba and 137Ba have mir-
roring structures. In each nucleus, positive-parity bands are

TABLE III. Average neutron occupation numbers in each single-
particle orbit of the gdsh model space in 137Ba, calculated using the
GCN50:82 and SN100PN interaction.

J π g7/2 d5/2 d3/2 s1/2 h11/2

GCN50:82
19/2−

1 8.00 6.00 4.00 2.00 11.00
21/2+

1 7.98 5.98 3.07 1.98 11.99
23/2+

1 8.00 6.00 4.00 2.00 11.00

SN100PN
19/2−

1 8.00 6.00 4.00 2.00 11.00
21/2+

1 7.99 5.98 3.08 1.96 12.00
23/2+

1 8.00 6.00 4.00 2.00 11.00

connected via a high-energy (≈1.2 MeV) transition to the
negative-parity band. Like the Jπ = 12+ bandhead in 136Ba,
the Jπ = 21/2+ bandhead in 137Ba shows a smaller degree of
νd3/2 occupation than for the Jπ = 19/2− state. The νh11/2

orbital becomes fully occupied, as calculated by GCN50:82,
realistic SM, and SN100PN (see Table III). GCN50:82 pre-
dicts a mixture of (67%) νd−1

3/2 ⊗ π (g5
7/2d

1
5/2) and (11%)

νd−1
3/2 ⊗ π (g3

7/2d
3
5/2) with dominating proton-spin components

of Iπ = 9+ and 10+ coupled to neutron spin Iν = 3/2+ in
the Jπ = 21/2+ state in 137Ba. All three interactions pre-
dict a similar structure for the Jπ = 21/2+ state. From the
second excited state in this band onwards (Jπ � 23/2+

1 ), the
valence neutron hole is mainly occupying the νh11/2 orbital.
As a consequence a dominating neutron spin of Iν = 11/2−
returns to prevail, as shown in Fig. 11(c). According to the
distinct similarities of the configurations, the Jπ = 21/2+
bandhead in 137Ba can be interpreted as the configuration
of the Jπ = 12+ state in 136Ba coupled to a νh11/2 neutron
hole. Interestingly, in 137Ba SN100PN is able to describe the
predominant proton character of the Jπ = 21/2+ state, which
is the Jπ = 12+ state analogon in the even-even core 136Ba, to
which a single neutron is coupled, but it is unable to describe
the proton structure of the Jπ = 12+ state in 136Ba.

V. CONCLUSIONS

In summary, four experiments employing two 9Be + 130Te
and one 11B + 130Te fusion-evaporation reactions as well as
the 136Xe + 238U multinucleon-transfer reaction were used
to investigate high-spin states above the Jπ = 10+ isomer
in 136Ba and above the Jπ = 19/2− isomer in 137Ba. The
level scheme of 136Ba was revised, incorporating nine new
states and transitions. Proper spin and multipolarity assign-
ments were determined by γ -ray angular distribution mea-
surements and γ γ coincidence relations. The Ex = 4920-
keV state is identified as the Jπ = 12+ state. The high-spin
regime of 136Ba differs significantly from the lower mass
isotones.

While the high-spin regimes of both 132Te and 134Xe
exhibit high-energy 12+ → 10+ yrast transitions, no such
transition is observed in 136Ba. Instead the Jπ = 10+ isomer
is fed by a Jπ = 11− state. This disruption in the nuclear
structure along the N = 80 isotones is explained by a dom-
inant proton configuration of the Jπ = 12+ state in 136Ba.
While the Jπ = 10+ isomer consists mainly of neutron con-
figurations, a pure proton configuration for the Jπ = 12+ state
and the interrupting Jπ = 11− state is energetically favor-
able compared to the continuation via a νh11/2 configuration.
The configuration of the Jπ = 12+ state mirrors the structure
of the Jπ = 8+ state below the isomer. 136Ba is the first
isotone along N = 80 for which a combined proton alignment
in the g7/2 and d5/2 orbitals can form a spin of J = 12.
Corresponding shell-model calculations yield ambiguous re-
sults. Only the SN100PN interaction predicts a predominant
neutron character of the Jπ = 12+ state, while GCN50:82
and realistic SM exhibit the emerging proton configuration.
In previous publications, it was found that the proton-neutron
part of the SN100PN interaction falls short to reproduce

014301-16



IDENTIFICATION OF HIGH-SPIN PROTON … PHYSICAL REVIEW C 99, 014301 (2019)

several nuclear-structure features in the mass region.
SN100PN could not reproduce backbending in the high-spin
regime of 131Xe [70] and the decay features of isomeric states
in 135Xe and 137Ba [20]. Similar conclusions on the monopole
part were also discussed in Ref. [71]. In the present study, it is
worthy of attention that only interactions with improved and
corrected monopole parts, i.e., GCN50:82 and realistic SM,
reproduce the nonobservation of the 12+ → 10+ transition by
the different structure of these two levels.

In 137Ba spins above the Jπ = 19/2− isomer at Ex = 2350
keV were measured for the first time. The Ex = 3545-keV
state is proposed to be the bandhead of the positive-parity
band, which is explained as the coupling of the aforemen-
tioned Jπ = 12+ state of the even-even core 136Ba and a
neutron. The identification of the high-spin structures com-
plete the systematics for N = 80 and N = 81 isotones in the
vicinity of the N = 82 shell closure. In future, measurements
of lifetimes and g factors that serve as sensitive probes for
nucleon alignment should be performed to independently
confirm the proposed proton character of the positive-parity
bandheads in 136Ba and 137Ba.
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The transitional nuclei 134Ba and 133Ba are investigated after multinucleon transfer employing the high-
resolution Advanced GAmma Tracking Array coupled to the magnetic spectrometer PRISMA at the Laboratori
Nazionali di Legnaro, Italy, and after fusion-evaporation reaction at the FN tandem accelerator of the University
of Cologne, Germany. The Jπ = 19/2+ state at 1942 keV in 133Ba is identified as an isomer with a half-life
of 66.6(20) ns corresponding to a B(E1) value of 7.7(4) × 10−6 e2 fm2 for the Jπ = 19/2+ to Jπ = 19/2−

transition. The level scheme of 134Ba above the Jπ = 10+ isomer is extended to approximately 6 MeV. A
pronounced backbending is observed at h̄ω = 0.38 MeV along the positive-parity yrast band. The results are
compared to the high-spin systematics of the Z = 56 isotopes. Large-scale shell-model calculations employing
the GCN50:82, SN100PN, SNV, PQM130, Realistic SM, and EPQQM interactions reproduce the experimental
findings and elucidate the structure of the high-spin states. The shell-model calculations employing the
GCN50:82 and PQM130 interactions reproduce alignment properties and provide detailed insight into the
microscopic origin of this phenomenon in transitional 134Ba.

DOI: 10.1103/PhysRevC.100.024323

*Corresponding author: levent.kaya@ikp.uni-koeln.de
†Deceased.

2469-9985/2019/100(2)/024323(18) 024323-1 ©2019 American Physical Society



L. KAYA et al. PHYSICAL REVIEW C 100, 024323 (2019)

I. INTRODUCTION

Excitations in nuclei around mass A ≈ 130 arise from the
complex interplay of single-particle and collective degrees
of freedom. Quasiparticle excitations play a key role for
the presence of yrast-trap isomers. Several shell-model
interactions are available for the description of neutron-rich
A ≈ 130 nuclei such as GCN50:82 [1,2], SN100PN [3],
SNV [4], PQM130 [5,6], and Realistic SM [7,8] including
the configuration space for proton and neutrons 0g7/2,
1d5/2, 1d3/2, s1/2, and 0h11/2 orbitals. Calculated transition
probabilities between states formed from these orbitals,
especially of hindered transitions, are of particular interest
for tests of all components of effective interactions, such
as proton-proton, neutron-neutron, and proton-neutron
correlations. However, the description of transition
probabilities in this valence space is limited in the sense
that E1 transitions cannot be evaluated since only the h11/2

orbital acts as an intruder-parity orbital. Recent interactions
have been driven by studies of excitations across the N = 82
neutron shell incorporating the two neutron orbits ν1 f7/2 and
ν2p3/2. For example, the recently developed extended pairing
plus quadrupole-quadrupole force with monopole corrections
model (EPQQM) interaction provides an extended cross-shell
description of the Z � 50, N � 82 region [9].

A. Isomers along N = 77 isotones

Along the N = 77 chain from 127Sn to 137Nd, Jπ = 19/2+
isomers are observed in almost all isotones beside 129Te
and they were extensively studied in the past. Starting from
semimagic 127Sn, Pinston et al. [10] identified a Jπ = 19/2+
isomer with a half-life of 4.5(3) µs, decaying via a low-
energy 17-keV E2 transition toward the Jπ = 15/2+ state.
Furthermore, a higher-lying Jπ = 23/2+ isomer was reported
in 127Sn (0.9(3) µs [11]). The seniority ν = 3 multiplet is
completed by the observation of a Jπ = (27/2−) isomer with
a half-life of 0.25(3) µs [11]. So far, only in 129Te below 137Nd
the Jπ = 19/2+ state remained unobserved. A Jπ = 23/2+
isomers (T1/2 = 33(3) ns [12]) is known in 129Te. Adding four
protons, the level scheme of 131Xe was recently extended to
approximately 5 MeV [13]. The first Jπ = 19/2+ state at
1805 keV, decaying via a 189.2-keV γ ray into the Jπ =
19/2− state, has been identified as an isomer with an adopted
half-life of 14(3) ns [14].

The data on low-spin states in 133Ba originate from
earlier work employing β decay [15], (d, p) [16], and (n, γ )
reactions [17]. The Jπ = 11/2− neutron-hole isomer at
288 keV with a half-life of 38.93(10) h has been known to
be the bandhead of the negative-parity yrast band since the
1940s [18]. First results on states above the Jπ = 11/2−
isomer were reported by Gizon et al. [19] employing a
12C + 124Sn reaction. Excited states were observed up to 2.5-
MeV excitation energy, among them a delayed γ -ray cascade
with energies of 83, 681, and 889 keV deexciting an isomeric
state at 1942 keV. In accordance with the level scheme of
131Xe, 135Ce, and 137Nd a spin of Jπ = 19/2+ was assigned to
this state. However, a precise half-life of the 1942-keV state
was not evaluated; the half-life was constrained to be between

2 and 5 ns. Later, the level scheme was significantly extended
by Juutinen et al. [20], using 13C-induced reactions and the
NORDBALL γ -ray array. In total, nine collective bands up
to 7 MeV were observed. Moreover, it was concluded that
the half-life of the 1942-keV state has to be much longer
than the reported value in Ref. [19]. According to intensity
correlations and a comparison with the T1/2 = 52(6) ns
Jπ = 5− isomer in 134Ba [21], a half-life of 40–50 ns was
suggested by the authors of Ref. [20].

Above 133Ba, approaching the Z = 64 subshell closure,
isomeric Jπ = 19/2+ states are established in 135Ce at Ex =
2125 keV (T1/2 = 8.2(4) ns [22]) and in 137Nd at Ex =
2223.4 keV (1–4 ns [23]). All known Jπ = 19/2+ isomers
from 131Xe to 137Nd decay through strong E1 transitions.

B. High-spin structures of Z = 56 isotopes and N = 78 isotones

The combined contribution of neutron holes in the N =
82 core and proton particles in the high-h11/2 orbital gives
rise to a plethora of high-spin structures with multi-quasi-
particle character. Backbending and upbending phenomena
in the positive-parity yrast bands of even-even Ba isotopes
with mass A � 132 were systematically investigated in the
past. Experimental data show the presence of two aligned
S bands [24] very close in energy. While one band can be
assigned to quasineutron alignment, the other can be assigned
to proton alignment [25–32]. The description of such collec-
tive phenomena within the shell model is quite demanding.
Therefore, the majority of theoretical investigations of such
systems were performed within collective models like the
interacting boson model [33–35], mean-field methods [36,37],
or the cranked shell model [38,39]. However, Ba isotopes have
come within reach of untruncated shell-model calculations
and, thus, are benchmarks for the predictive power of shell-
model calculations [40–42], more specifically, the interplay
between single-particle and collective excitations is subject of
individual orbitals and interactions.

Similarly to the Jπ = 19/2+ isomers along the N = 77
chain, Jπ = 10+ states are characteristic isomers in N = 78
isotones. These isomers are interpreted as fully aligned νh−2

11/2

configurations. The energy difference between Jπ = 10+ and
the Jπ = 8+ states ranges from 18.5 keV in 130Te to 378 keV
in 142Gd. The smooth evolution of the half-life with respect
to the proton number is interrupted by a remarkable long
half-life of T1/2 = 8.39(11) ms [43] for the Jπ = 10+ isomer
in 132Xe, whereby the Jπ = 8+

1 state has not been observed to
date [44]. Adding two protons, the half-life of the Jπ = 10+
state in 134Ba was reported to be 2.63(14) µs [45]. In fact,
the measured negative magnetic moment of this state (μ =
−2.0(1) μN [45,46]) strongly supports a νh−2

11/2 configuration.

The isomeric Jπ = 5− state in 134Ba at Ex = 1986 keV is
subject of this publication. A previous half-life value was
measured to be 52(6) ns following a 4He + 133Cs reaction
by Ref. [21] and its longevity was attributed to a mixture of
ν(s1/2h11/2) and ν(d3/2h11/2) configurations.

The low-spin structure of 134Ba was studied in detail em-
ploying β decay [47], Coulomb excitation [48], and (n, n′γ )
reactions [49]. In contrast, information on the high-spin struc-
ture above the Jπ = 10+ (T1/2 = 2.63(14) µs [45]) isomer is
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tentative. The only evaluated data on high-spin states [50]
refers to a preliminary level scheme from a JYFL (Ac-
celerator Laboratory of the University of Jyväskyl) annual
report by Lönnroth et al. [51] in 1990. In that study, two
parallel cascades on top of the Jπ = 10+ isomer were iden-
tified using a 13C + 124Sn reaction inside the NORDBALL
γ -ray spectrometer. Besides that result, two high-spin level
schemes from works utilizing 14C + 124Sn and 9Be + 130Te
reactions [52,53], respectively, differ significantly from each
other as well as from evaluated data [50,51].

The scarce and contradictory experimental data in 133Ba
and 134Ba together with recent theoretical advances motivate
a refined investigation of high-spin features in both nuclei.
In this article, we report and discuss new results on the
high-spin regime of 133Ba and 134Ba. Excited states were
populated in two complementary experiments using differ-
ent reaction mechanisms. 134Ba was populated in a 136Xe +
208Pb multinucleon-transfer experiment employing the high-
resolution position-sensitive Advanced GAmma Tracking Ar-
ray (AGATA) [54] in combination with the magnetic mass
spectrometer PRISMA [55–57]. Furthermore, both 133Ba
and 134Ba were investigated with a 13C + 124Sn fusion-
evaporation experiment at the Institute of Nuclear Physics,
University of Cologne. This paper is organized as follows: The
experimental setup and data analysis of the two experiments
are described in Sec. II, followed by the experimental results
in Sec. III. A detailed comparison with shell-model calcula-
tions and systematics is presented in Sec. IV before the paper
closes with a summary and conclusions in Sec. V.

II. EXPERIMENTAL PROCEDURE

A. 13C + 124Sn fusion-evaporation reaction
133Ba and 134Ba were populated simultaneously in a 13C +

124Sn fusion-evaporation reaction. The FN tandem accelerator
of the Institute of Nuclear Physics, University of Cologne,
delivered a 55-MeV 13C beam impinging onto an enriched
124Sn target with a thickness of 1.8 mg/cm2 evaporated onto
a 120-mg/cm2-thick Bi backing plus a thick Cu layer for
heat dissipation. The beam energy was optimized to populate
mainly 133Ba and 134Ba via the (13C, 4n) and (13C, 3n) reac-
tion channels, respectively. Both recoils and beam particles
were stopped in the backing of the target. About 108 γ γ co-
incidences were recorded. γ Rays were detected with a mixed
γ -ray detector array employing eight high-purity germanium
(hereafter called HPGe) and 12 cerium-doped lanthanum-
bromide (hereafter called LaBr3) detectors, mounted in the
frame of the High efficiency Observatory for γ -Ray Unique
Spectroscopy (HORUS) array [58]. Six of the LaBr3 detectors
were surrounded by bismuth-germanate (BGO) veto detec-
tors to suppress the Compton background [59]. Coincident
events were processed and recorded utilizing the synchronized
80-MHz XIA Digital Gamma Finder (DGF) data-acquisition
system and stored to disk. The data were sorted offline using
the SOCO-V2 [60] code and analyzed utilizing the ROOT [61]
and TV [62] software packages.

Multipole-mixing ratios of transitions between excited
states were investigated with the γ γ angular-correlation

code CORLEONE [63,64] based on the phase convention by
Krane, Steffen, and Wheeler [65,66]. Different hypotheses of
involved spins J1, J2, J3 and multipole-mixing ratios δ1, δ2 of

two coincident γ rays in a cascade J1
δ1−→ J2

δ2−→ J3 were eval-
uated by χ2 fits of the correlation function W (	1,	2,
) =
W (J1, δ1, J2, δ2, J3) to experimental intensities in six different
correlation groups, each associated with detector pairs at
angles 	1,2 with respect to the beam axis and a relative angle

 between the planes spanned by the detectors and the beam
axis. More details on the angular-correlation analysis with
CORLEONE are given in Refs. [67,68]

B. 136Xe + 208Pb multinucleon transfer

In a second experiment, 134Ba was populated in a 136Xe +
208Pb multinucleon-transfer experiment at the Laboratori
Nazionali di Legnaro, Italy. In this experiment, a 6.84-MeV/

nucleon 136Xe beam, accelerated by the PIAVE+ ALPI ac-
celerator complex, impinged onto a 1-mg/cm2 208Pb target.
AGATA [54], in a first demonstrator configuration [69], was
placed at a distance of 18.8 cm from the target position to
measure γ rays from excited states. The array consisted of
nine large-volume electronically segmented HPGe detectors
in three triple cryostats [70]. An isotopic identification of the
nuclei of interest was provided by the magnetic spectrometer
PRISMA placed at the reaction’s grazing angle of θlab = 42◦.
An event registered by the PRISMA focal-plane detector in
coincidence with an AGATA event was taken as a trigger for
the data acquisition. In this way, the origin of the γ rays is
distinguished, background from β decay is reduced, and a
major fraction of isomeric γ -ray transitions is suppressed.

Pulse-shape analysis of the digitized detector signals was
applied to determine the individual interaction points within
the HPGe detectors [71], enabling the Orsay forward-tracking
algorithm [72] to reconstruct the individual emitted γ -ray
energies and determine the first interaction point of the γ ray
in the germanium and, thus, the emission angle. Together with
the kinematic information from PRISMA, a precise Doppler
correction was performed. Further details on the analysis can
be found in Refs. [73,74].

III. EXPERIMENTAL RESULTS

A. 133Ba

A partial level scheme of 133Ba, including transitions of
interest to this paper, is presented in Fig. 1(a). The determined
half-lives of several isomeric states in 133Ba and 134Ba are
summarized in Table I.

The 2366-keV (Jπ = 23/2+) state decays directly into
the Jπ = 19/2+ isomer in 133Ba. Figure 2(a) shows a Eγ -
time matrix gated on the 424-keV (23/2+ → 19/2+) tran-
sition. Coincidences between all eight HPGe detectors of
the HORUS array were employed. The timestamps of the
424-keV transition were defined as reference time, and the
maximum range for the correlation windows was chosen as
1.5 µs. Background contributions were subtracted by means
of a similar matrix, gated on an area close to the 424-keV
peak. Figure 2(b) presents the one-dimensional γ -ray spec-
trum time and energy gated on prompt events relative to
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FIG. 1. (a) Partial level scheme of 133Ba including transitions feeding or deexciting the 1942-keV state which is subject of this paper.
Transitions and excitation energies are given in keV. Intensities, energies, and spins are adopted from Ref. [20]. For the Jπ = 19/2+ and
Jπ = 11/2− [50] states, the corresponding T1/2 values are given in the figure. (b) Level scheme assigned to 134Ba with the newly observed
γ rays above the T1/2 = 2.51(30) µs (Jπ = 10+) and T1/2 = 48(5) ns (Jπ = 5−) isomers. Intensities are extracted from the HORUS data and
normalized to the intensity of the 605-keV transition. The given half-lives of the Jπ = 19/2+ state in 133Ba and of the Jπ = 5− and 10+ states
in 134Ba were newly determined.

the 424-keV transition as illustrated by the two-dimensional
gate in Fig. 2(a). As expected, the feeding pattern of the
2366-keV state emerges in the spectrum up to the Jπ = 35/2+
state with strong transitions at 857, 980, and 1039 keV and
less intensive transitions at 324, 468, 277, and 1068 keV. In
addition, transitions below the isomer at 83, 229, 614, 681,
744, 810, and 890 keV are present, since the prompt area has
a finite width.

For negative time differences, only random coincidences,
e.g., e−e+ annihilation, are visible. Delayed transitions were
obtained by gating on the positive time differences with
respect to the 424-keV transition. Such a gate is visualized
in the Eγ -time matrix shown in Fig. 2(c). The corresponding

TABLE I. Measured half-lives of selected isomers observed in
the 13C + 124Sn experiment. The different columns indicate the nu-
cleus, excitation energy, spin and parity of the isomeric state, the
deduced weighted mean half-life, and previous results reported in
the literature.

Isotope Ex (keV) Jπ
i T1/2

Present work Literature

133Ba 1942 19/2+ 66.6(20) ns 2–5 ns [19]
134Ba 2957 10+ 2.51(30) µs 2.63(14) µs [45]
134Ba 1986 5− 48(5) ns 52(6) ns [21]

one-dimensional projection onto the energy axis is displayed
in Fig. 2(d). The observation of members of γ -ray cascades
deexciting the Jπ = 19/2+ state and the absence of the 1068-,
980- and, 857-keV feeding transitions confirm the presence of
an isomer at Ex = 1942 keV in this nucleus. The half-life of
the 1942-keV state has to be considerably longer than the pro-
posed T1/2 = 2–5 ns [19], taking into account the measured
time resolution of �tFWHM ≈ 36 ns.

In order to investigate the half-life of the Jπ = 19/2+
isomer, γ γ matrices with various delayed coincidence time
windows in the range between 3 (37.5 ns) and 20 ticks
(250 ns) are generated. Coincidences between all eight HPGe
detectors are taken into account. Subsequently, the intensities
of the 681- and 890-keV γ -ray transitions (below the isomer)
are determined in the γ γ projection gated on the 424-keV
transition (above the isomer). The direct decay of the Ex =
1942-keV state at Eγ = 83 keV is partially contaminated by
x rays of the 209Bi backing which have very similar ener-
gies. Consequently, since the Weisskopf half-life estimates for
Eγ = 890 and 681 keV is in the order of picoseconds and,
therefore, considerably shorter than the half-life of the state
of interest, an indirect gate is applied. The intensities Nt of the
681- and 890-keV γ -ray transitions, as a function of delayed
coincidence time-window length, are fitted to Eq. (1):

Nt = N0(1 − Ae
− ln(2)

T1/2
�t

), (1)
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FIG. 2. [(a) and (c)] Two-dimensional Eγ -time matrices showing the time distribution of coincident γ -ray transitions relative to the
424-keV transition. The applied two-dimensional gates are surrounded by thick solid red lines. (b) Prompt and (d) delayed one-dimensional
γ -ray spectra with respect to the 424-keV transition. (e) Plot of the fitted intensities of the 681- and 890-keV γ -ray transitions in the γ γ

projection gated on the 424-keV transitions as a function of coincidence time windows. The solid lines correspond to the fitted time distribution
[see Eq. (1)]. One data acquisition time unit (tick) corresponds to 12.5 ns. [(f)–(i)] Gated Eγ -Eγ -time distributions and final lifetime fits for
gating combinations between LaBr3 and HPGe detectors. Half-lives are determined by exponential fits of the delayed component. The fit is
drawn with a red solid line. The given half-lives include only the statistical uncertainties of the fits. For the total error see text.

where N0, A, and the half-life T1/2 are treated as free fit-
ting parameters. Recently, this approach was successfully
applied to isomers in the ns regime in 127Xe [75]. Figure 2(e)
presents the intensities of the 681- and 890-keV γ -ray tran-
sitions, gated on the 424-keV transition, with respect to the
different coincidence time windows. The determined half-
lives of T1/2(681 keV) = 66.2(8) ns and T1/2(890 keV) =
66.0(13) ns are in good agreement.

The combination of the excellent high-energy resolution
of the HPGe detectors and the fast-timing capability of the
LaBr3 detectors is used to determine the half-life of the
Ex = 1942-keV state independently from the aforementioned
approach. A three-dimensional Eγ -Eγ -time cube is exploited,
comprising energies of two γ rays respectively detected by a
HPGe and a LaBr3 detector and the corresponding timestamp
difference between both events. Applying a narrow HPGe
gate on the 424-, 680-, or 890-keV transitions, coincident
γ -ray peaks are well separated from other lines in the LaBr3

spectrum allowing clear gate conditions. Figures 2(f)–2(i)
show several spectra of time differences between HPGe and
LaBr3 events. In the time spectra shown in Figs. 2(f) and 2(g),
the feeding 424-keV γ ray is detected by HPGe detectors and
the decaying 680- and 890-keV transitions are detected by
LaBr3 detectors. In contrast, in Figs. 2(h) and 2(i) the 424-keV
feeding transition is detected by LaBr3 detectors, while the
decaying 680- and 890-keV transitions are detected by HPGe
detectors. Using the LaBr3 detectors as start detectors, the
prompt curve is sharper, as illustrated by comparing Figs. 2(f)
and 2(g) with Figs. 2(h) and 2(i). The short-lived component
in the prompt peak is mainly caused by Compton background.
Half-lives are extracted by fitting a function of the form
N (t ) = a exp[t ln(2)/T1/2)] + b to the tail of the time distribu-
tions. The parameter b is determined from the background and
kept constant. Exponential fits of the long-lived slope compo-
nent yield half-life values of 67.5(16), 67.5(12), 67.5(22), and
66.3(9) ns, visualized with a red solid line in Figs. 2(f)–2(i).
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TABLE II. Energies, spin assignments, and relative in-beam
intensities for new γ -ray transitions in 134Ba above the Jπ = 10+

isomer at Ex = 2957 keV. Fitted energies and relative intensities nor-
malized to the 668-keV transition are taken from two experiments:
I1
γ from the HORUS 13C + 124Sn reaction and I2

γ from the AGATA
136Xe + 208Pb experiment.

Eγ (keV) Ei (keV) Ef (keV) Iπ
i Iπ

f I1
γ I2

γ

466.2 5284.2 4818.0 – 14+ 16(3) 23(3)
501.2 6062.8 5561.6 – 16+ 14(2) –
667.6 3624.8 2957.2 12+ 10+ ≡ 100 ≡ 100
743.6 5561.6 4818.0 16+ 14+ 30(4) 20(2)
859.3 5677.3 4818.0 – 14+ Weak –
871.0 5677.3 4806.2 – 13(+) Weak –
1181.5 4806.3 3624.8 13(+) 12+ 38(4) –
1193.2 4818.0 3624.8 14+ 12+ 50(5) 62(9)

Moreover, the independently determined values from Fig. 2(e)
are in good agreement, showing the complementarity between
both approaches. Systematic errors from background
contributions at the borders of the fit interval as well
as uncertainties in the determination of the background
parameter are conservatively taken into account. The
weighted mean half-life value over the six independent
values results in T1/2 = 66.6 ± 0.5 (stat.) ± 1.9 (syst.) ns
for the 1942-keV state in 133Ba. This corresponds to a
B(E1; 19/2+ → 19/2−) value of 7.7(4) × 10−6 e2 fm2 using
relative γ -ray intensities of 100(12)% and 9(1)% for the 83-
and 229-keV transitions, respectively.

B. 134Ba

The extended level scheme of 134Ba achieved in the present
work is displayed in Fig. 1(b). Measured intensities of coin-
cident γ rays above the Jπ = 10+ isomer in 134Ba obtained
from the HORUS and AGATA experiments are summarized in
Table II. Intensities are from the HORUS 13C + 124Sn reaction
(I1

γ ) as well as from the AGATA 136Xe + 208Pb experiment

(I2
γ ). The independently measured intensities show a consis-

tent assignment of states and transitions. The uncertainties in
the transition energies are ±0.5 keV. Spin-parity assignments
are supported by angular-correlation measurements, shell-
model calculations, and systematics.

The beam-like Doppler-corrected singles γ -ray spectra of
134Ba from the 136Xe + 208Pb AGATA experiment is shown in
Fig. 3(a). The corresponding Ba mass distributions is depicted
in the inset Fig. 3(b). Random background is significantly sup-
pressed by gating on the prompt peak in the time-difference
distribution between AGATA and PRISMA. The full width
at half-maximum (FWHM) of the prompt coincidence peak
is about 16 ns for identified beamlike particles. Due to the
presence of two long-lived Jπ = 10+

1 and Jπ = 5−
1 isomers

in the level scheme of 134Ba, transitions of the yrast 10+ →
8+ → 6+ → 4+ → 2+ → 0+ cascade and the 5− → 4+ tran-
sition are suppressed in the spectrum. None of the known low-
spin excited yrare states below 3 MeV [49] were populated.
As reported in Ref. [51], we identify the 285-, 761-, and
970-keV γ rays to be transitions of the negative-parity band
of 134Ba. The measured relative intensities of the three γ

rays support the known ordering of the γ rays within the
negative-parity band. New peaks well above the background
level are observed at energies of 171, 178, 466, 668, 744, and
1193 keV. As the negative-parity band is completely identi-
fied, it is most likely that the new transitions are members
of cascades feeding the Jπ = 10+ isomer. The existence of
681–914–800-keV and 1131–547-keV cascades feeding the
Jπ = 10+ isomer suggested by Lönnroth et al. [51] could not
be confirmed. Transitions at energies of 171 and 178 keV
could not be assigned using the HORUS data, as discussed
below.

134Ba was also populated in the 13C + 124Sn fusion-
evaporation reaction. Figure 4(a) shows a background-
subtracted Eγ -time matrix, gated on the delayed 2+ → 0+
605-keV transition. Transitions feeding the Jπ = 10+ iso-
mer are visible at negative time differences in this matrix
representation. Time distributions following an exponential
decay curve are visible at energies of 668 and 1193 keV. The

FIG. 3. (a) Doppler-corrected γ -ray spectrum gated on 134Ba identified with PRISMA in the 136Xe + 208Pb experiment. Random
background is reduced with a gate on the prompt peak in the spectrum of time differences between AGATA and PRISMA. Inset (b) represents
the mass spectrum of the Ba isotopes obtained with PRISMA. The applied mass gate on 134Ba is marked black.
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FIG. 4. Results of the HORUS experiment showing (a) Eγ -time matrix with respect to the 2+ → 0+ 605-keV transition. (b) Time difference
spectrum between the 668- and 605-keV transitions, extracted from the Eγ -time matrix. (c) One-dimensional HORUS γ -ray spectrum gated
on the 605-keV transition. Transitions below the Jπ = 10+ isomer are predominantly visible. (d) Projection of a HORUS γ γ matrix sorted by
gating on negative timestamp differences relative to the timestamp of the delayed ground-state band of 134Ba with 605-, 796-, 810-, 625- or
121-keV transitions. Only transitions above the Jπ = 10+ isomer are visible. Ge(n, nγ ) edges are marked with n. See text for details.

isomer half-life is deduced from the analysis of timestamp
differences between the 668- and 605-keV transitions, ob-
tained by projecting the time distribution of the 668-keV
transition onto the x axis in Fig. 4(a). The time spectrum
and an exponential fit is shown in the inset in Fig. 4(b).
The determined half-life of T1/2 = 2.51(30) µs is in excellent
agreement with the evaluated half-life value for the Jπ = 10+
state by Bell et al. [45]. Consequently, in accordance with the
observation in the AGATA experiment shown in Fig. 3(a), the
668-keV transition is unambiguously assigned to a state above
the Jπ = 10+ isomer in 134Ba.

Transitions below the long-lived Jπ = 10+ isomer were
identified by a time- and energy-gated one-dimensional γ -ray
spectrum exhibiting coincidences within the prompt time peak
relative to the delayed 605-keV transition. The corresponding
spectrum is shown in Fig. 4(c). The positive-parity E2 ground-
state band is visible up to the 10+ → 8+ 121-keV decay.
To assign the new transitions to the known level scheme of
134Ba, events were further sorted into a three-dimensional
γ γ γ -cube, whereby one γ ray corresponds to a transition
in the E2 ground-state band up to the Jπ = 10+ isomer
(605, 796, 810, 625, or 121 keV). Thereafter, events were
further processed into a prompt two-dimensional γ γ matrix
including double coincidences (within 100 ns) which meet the
condition of negative timestamp differences in the range be-
tween −3.75 µs and −0.3 µs from the reference timestamps
of the delayed 605-, 796-, 810-, 625-, or 121-keV transitions.
The requirement ensure that the γ γ matrix exhibits only
transitions above the Jπ = 10+ isomer. Figure 4(d) shows
the γ -ray projection of this matrix. The spectrum is domi-
nated by transitions at 466, 668, 744, 1182, and 1193 keV.
The intensity balance in both the AGATA [Fig. 3(a)] and
HORUS [Fig. 4(d)] experiments require the newly observed
668-keV transition to be placed directly above the Jπ = 10+
isomer, deexciting a new state at 3625-keV excitation energy.
Various γ γ -coincidence spectra from this matrix are shown
in Figs. 5(a)–5(d). Figure 5(a) presents the γ -ray spectrum

with a gate on 668 keV. The spectrum exhibits anticipated
coincidence peaks at 466, 501, 744, 859, 871, 1182, and
1193 keV. The 668-keV transition is in mutual coincidence
with the 1193-, 744-, and 501-keV transitions [Figs. 5(b)
and 5(c)]. Thus, all three γ rays form a cascade on top of
the 3625-keV state. By gating on the 668-keV transition,
the intensity balance requires that the 1193-keV transition is
placed on top of the 668-keV transition. Moreover, the order-
ing of the 744-, and the 501-keV transitions above the newly
established Ex = 4818 keV state agrees with the intensity
balance of the γ γ projections gated on the 668- and 1193-
keV transitions. Other peaks at 466, 859, 871, and 1182 keV
are observed to be in coincident with the 668-keV transition
[Fig. 5(a)]. Moreover, the 871- and 1182-keV lines are in
mutual coincidence depopulating two states at Ex = 5677 and
4806 keV. The absence of the 871–1182-keV cascade and
the occurrence of the 859-keV peak in Fig. 5(b) requires
the 859-keV transition to be placed parallel to this cascade.
Additionally, the 871–1182-keV cascade corresponds to the
sum energy of the 1193–859-keV cascade, supporting the
assignment. A 466-keV transition is in coincidence with the
1193–668-keV cascade [Figs. 5(a) and 5(b)] but not with
the 744-keV transition. Consequently, the 466-keV γ ray is
placed on top of the 4818-keV state.

Going to the negative-parity band, Fig. 5(d) shows a
γ -ray spectrum for 134Ba obtained by gating on the 5− → 4+
585-keV transition. The spectrum demonstrates that the 761–
970–285-keV cascade is placed on top of the Jπ = 5− isomer.
The inset Fig. 5(d) visualizes the time spectrum between the
761–970–285-keV and the 585–796–605-keV cascades. An
exponential fit yields a half-life of 48(5) ns, which is in good
agreement with the previous value of 52(6) ns [21].

Spin assignments can be tested in the HORUS experiment
with the procedure discussed in Sec. II A. Figure 6(a) shows
a benchmark angular-correlation fit of the experimentally
deduced relative intensity distribution (data points) with a
theoretical angular-correlation function (line) of the 4+ → 2+
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FIG. 5. γ -Ray spectra above the Jπ = 10+ isomer, gated on
(a) 668, (b) 1193, and (c) 744 keV. (d) γ γ -coincidence spectra with a
gate on the 5− → 4+ 585-keV transition. (e) Time spectrum between
the 761–970–285-keV (prompt) and 585–796–605-keV (delayed)
cascades with an exponential decay-curve fit (red solid line). The
fitted half-life is 48(5) ns.

796-keV decay in 134Ba, gated on the 605-keV transition.
Fixing the multipole-mixing ratio of the 605-keV transition to
quadrupole character (δ1 = 0) and varying the δ2 value yields
a χ2 minimum of 1.1. The obtained multipole-mixing ratio
of δ2 = 0.02(3) is in agreement with the expected quadrupole
character.

Based on the known Jπ = 10+ spin of the 2957-keV state,
the spins of the newly established 3625- and 4818-keV states
in 134Ba are evaluated. Scenarios of J1 = {10, 11, 12} −→
δ1J2 = 10

δ−→2= fixedJ3 = 10 and J1 = {11, 12, 13} δ1−→ J2 =
11

δ2=fixed−−−−→ J3 = 10 were tested for the 1193–668-keV cas-
cade. Fits with several fixed multipole-mixing ratios of
the 668-keV transitions (δ2 = 0, ±0.05, ±0.1, ±0.15, . . . )

yields χ2 values of larger then 2.3. In contrast, the J1 = 14
δ1−→

J2 = 12
δ2=0−−→ J3 = 10 hypothesis with fitted δ1 = −0.01(3)

value for the 1193-keV transition yields the best χ2 value
of 1.3, as shown in Fig. 6(b). Apart from that, similar fits
assuming a nonzero δ2 value for the 668-keV transition yield
significantly worse χ2 values. Hence, the best agreement is
obtained for a pure-quadrupole J1 = 14 → J2 = 12 → J3 =
10 cascade. Since a M2 multipolarity in this cascade would
cause long-lived states and other isomers, a positive parity
is assigned to the 3625- and 4818-keV states. Employing the
same method, the spin of the newly established excited state
at 5562 keV is determined. The 744–1193-keV cascade is best
reproduced assuming a spin of J = 16 for the 5562-keV state
(χ2 = 1.4). In accordance with the fitted δ1 = 0.01(2) value,
a positive parity is assigned for the 5562-keV state. In con-
trast, the 1182-keV transition yields a dipole character with
multipole-mixing ratio of δ1 = −0.06(4). Consequently, the
spin-parity of the 4806-keV state is interpreted as J = 13(+).

The bandhead of the negative-parity band at Ex = 1986
keV and the first excited state above the bandhead at Ex =
2271 keV were identified as Jπ = 5− and Jπ = 7− states
by Lönnroth et al. [51]. However, spin-parity assignments of
states on top of the bandbead with excitation energies of 3240
and 4001 keV were tentative in the previous work. Similarly
to the aforementioned discussion, Fig. 6(c) shows the exper-
imentally deduced angular-correlation intensity distribution
for the coincident γ rays at 285 and 970 keV, compared to
calculated values for different scenarios with spin values of
J = 7, 8, and 9 for the 3240-keV state. A hypothesis of J = 9
for the 3240-keV state yields the best result. The vanishing
multipole-mixing ratio of δ1 = 0.00(2) indicates a negative
parity of the 3240-keV state. Going to higher states in the
band, angular-correlation fits with spin assignments of J = 9
and 10 for the 4001-keV state yield only limited agreement
with the data. Instead, a good match is obtained by assuming

FIG. 6. (a) Benchmark γ γ angular correlations for the 4+ → 2+ → 0+ (796–605-keV) cascade in 134Ba. Experimental values (data points)
are compared to calculated angular-correlation functions W (	1, 	2, 
) (lines) for six correlation groups using the code CORLEONE [63,64].
Investigation for (b) the newly established 668-1193-keV cascade and (c) the 285–970-keV cascade in 134Ba.
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a J = 11 state with dominant quadrupole (E2) character [δ1 =
0.02(3)]. The results are given in Fig. 1(b).

IV. SHELL-MODEL CALCULATIONS AND DISCUSSION

The obtained lifetime of the 19/2+ state in 133Ba and the
extended high-spin level schemes of 134Ba are discussed and
compared with the results of shell-model calculations and
systematics. Five shell-model calculations were carried out
in an untruncated 50 � Z , N � 82 gdsh valence space. The
single-particle space is generated by the valence nucleons
occupying the 0g7/2, 1d5/2, 1d3/2, 2s1/2, and 0h11/2 orbitals,
outside doubly magic 100Sn. In a further calculation using the
EPQQM interaction, the gdsh valence space is extended by
the 1 f7/2 neutron orbit above the N = 82 shell closure to cal-
culate the E1 transition strength value of the 19/2+ → 19/2−
transition in 133Ba. Shell-model calculations were carried out
employing the shell-model code NUSHELLX@MSU [76], the
massive-parallelization code KSHELL [77], and the ANTOINE
shell-model code [78].

The first calculation is conducted with the effective inter-
action GCN50:82 [1,2]. The interaction is derived from a real-
istic G matrix based on the Bonn-C potential [79]. Empirical
monopole corrections to the original G matrix are introduced
by fitting different combinations of two-body matrix elements
to sets of experimental excitation energies from even-even and
even-odd semimagic nuclei.

The second calculation is carried out with the jj55pn
Hamiltonian (referred to as the SN100PN interaction) [3]. The
Hamiltonian consists of four terms describing the neutron-
neutron, neutron-proton, proton-proton, and Coulomb repul-
sion between the protons individually. A renormalized G ma-
trix derived from the CD-Bonn interaction [79] was employed
to construct the realistic two-body residual interaction. The
proton and neutron single-particle energies are based on the
energy levels in 133Sb and 131Sn.

Another calculation is conducted with the SNV in-
teraction [4]. The interaction combines the proton-proton
N82GYM interaction [80] with the semiempirical SNBG3
neutron-neutron interaction [81] and the monopole-based uni-
versal (VMU) interaction for the proton-neutron part [82,83].
Both the SNBG3 and N82GYM interactions are G-matrix-
based interactions. The SNBG3 interaction is obtained by
combining the next-to-next-to-next-to-leading order interac-
tion with a χ2 fit of levels including 3−

1 states along (N < 82)
Sn isotopes. Strengths of the central and the tensor force
from the orginal VMU interaction are multiplied by 0.84 and
1.3, respectively, to fit the experimental data of one-proton
separation energies in Sb isotopes [84]. Very recently, the
interaction successfully described the g factor of the Jπ =
23/2+ state in 135La [4].

A fourth calculation is performed utilizing the frame-
work of the pair-truncated shell model, denoted as PQM130
(pairing+QQ+ multipole for mass region 130). The approach
leverages a pairing-plus-quadrupole interaction that consists
of spherical single-particle energies, a monopole-pairing,
a quadrupole-pairing, and a quadrupole-quadrupole interac-
tion. The Hamiltonian in each neutron and proton space is
diagonalized separately and afterward the total Hamiltonian

is diagonalized in the truncated space. More details on the
calculation are given in Refs. [5,6].

A fifth calculation is performed in the framework of the
realistic shell model [7,8], denoted as Realistic SM. Single-
particle energies and two-body effective interaction are deter-
mined from the established CD-Bonn free nucleon-nucleon
potential [79] using the Vlow-k approach with a cutoff momen-
tum of 
 = 2.6 fm−1, plus the Coulomb force for protons.
The effective shell-model Hamiltonian is derived iteratively
by means of the many-body perturbation theory in the Q̂-box
folded diagram expansion, including all diagrams up to third
order in the interaction. More details can be found in Ref. [85].

The last calculation is conducted in the framework of
the extended pairing plus quadrupole-quadrupole force with
monopole corrections model (EPQQM) [86–89]. Single-
particle energies (SPEs) were adopted from the experimental
excited states of 133Sb (proton SPEs) and 131Sn (neutron
SPEs). The gdsh valence space is enlarged by the ν1 f7/2

neutron orbit above the N = 82 shell closure. Calculations
within this large valence space allow us to describe E1 tran-
sitions. The interaction was recently successfully applied to
neutron-rich nuclei around 132Sn [9,90–93].

A. 134Ba

A comparison of the experimentally obtained energy spec-
trum of 134Ba with the results of the shell-model calculations
is presented in Fig. 7. Moreover, yrare Jπ = 2+

2 , 4+
2 , and

8+
2 states from the literature are compared as further bench-

marks for the validity of the shell-model calculations. All
calculations reproduce the hitherto known members of the
positive-parity ground-state band up to the Jπ = 10+ isomer
quite well. In particular, the excitation energy of the Jπ = 10+
isomer is predicted at 2.953 (GCN50:82), 2.517 (SN100PN),
2.911 (SNV), 2.915 (PQM130), and 3.010 MeV (Realistic
SM) which are in good agreement with the experimentally de-
termined 2.957 MeV. The small 121-keV energy gap between
the Jπ = 8+ and the 10+ states is reasonably reproduced by
the calculated energy gaps of 10 and 60 keV in the GCN50:82
and PQM130 interactions, respectively. However, the order
of Jπ = 10+ and 8+ states is interchanged in the SN100PN,
SNV, and Realistic SM calculations.

In Sec. III B a 16+ → 14+ → 12+ → 10+ cascade with
γ -ray energies of 744, 1193, and 668 keV was newly estab-
lished. This assignment is supported by calculated transition
energies of 672, 1327, and 609 keV (GCN50:82), 674, 1016,
and 765 keV (SNV), 744, 1215, and 675 keV (PQM130),
and 893, 997, and 732 keV (Realistic SM) for this cascade.
Although the excitation spectrum calculated by SN100PN
is more compressed, the relative position of the Jπ = 16+,
14+, 12+, and 10+ states are in good agreement with the
experimental excitation spectrum.

The 5677-keV state decays partially via a one-step decay
into the Jπ = 14+ state and via a two-step cascade through
the Jπ = 13(+) state into the Jπ = 12+ state. Consequently,
this state is interpreted to have a spin of J = 14 or 15.
The yrast Jπ = 15+ state is predicted at 376 (GCN50:82),
352 (SNV), 478 (SN100PN), and 514 keV (PQM130) above
the Jπ = 14+

1 state, which contradicts the observed 859-keV
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FIG. 7. Comparison of experimental energy spectra with the results of shell-model calculations for 134Ba. (a) Experimental energy
spectrum. The results obtained with the different interactions are separated in different columns: (b) GCN50:82, (c) SN100PN, (d) SNV,
(e) PQM130, and (f) Realistic SM. For clarity, the states are separated into columns for the negative- and the positive-parity states.

energy difference between the Ex = 5677 keV and the Jπ =
14+ state. Similarly, a possible Jπ = 14+

2 state is predicted
slightly above the Jπ = 14+

1 state. Consequently, a positive
parity for the state at Ex = 5677 keV is unlikely. A better
agreement of a Jπ = 14+

2 or 15+
1 assignment is achieved for

the 5284-keV state which is only 466 keV above the Jπ = 14+
1

state. However, no conclusive assignment can be made, since
the calculated level density of states is too high.

Going to the negative-parity band, the calculations tend
to slightly overpredict the excitation energy of the Jπ = 5−
bandhead. GCN50:82 predict the state at 2278 keV, SN100PN
at 2030 keV, SNV at 2043 keV, and PQM130 at 2118 keV
compared to the experimental 1986-keV excitation energy.
A good agreement is obtained for the position of the cal-
culated Jπ = 7− state which deviates only 84 (GCN50:82),
37 (SN100PN), 163 (SNV), and 161 keV (PQM) from the
experimental excitation energy. On the other hand, Jπ = 5−,
6−, and 7− states are permuted in the PQM130 calculation. All
shell-model calculations consistently support a large energy
gap of 972 (GCN50:82), 788 (SN100PN), 933 (SNV), and
895 keV (PQM130) between the Jπ = 9− and Jπ = 7− states,
which agrees well with the observed 970 keV. The Jπ = 11−
state is calculated to be 763–935 keV higher in excitation
energy with respect to the Jπ = 9− state, supporting an Jπ =
11− assignment for the Ex = 4001-keV state.

Moreover, the shell-model results provide insight into
the structure of the isomeric states and the new established

levels in 134Ba. States below the Jπ = 10+ isomer are dom-
inated by proton spin contributions. For example, the to-
tal spin of the Jπ = 8+ state is attributed to 26% ν2+ ⊗
π6+ and 20% ν0+ ⊗ π8+ with a leading configuration of
ν(d−2

3/2h−2
11/2) ⊗ π (g4

7/2d2
5/2), using GCN50:82. On the other

hand, a predominant neutron character takes over from the
Jπ = 10+ state onward. The Jπ = 10+ isomer is calculated
to be of (νh−2

11/2) character with a spin configuration of 39%
ν10+ ⊗ π0+ and 32% ν10+ ⊗ π2+ . Likewise, the yrast states
Jπ = 12+, 14+, and 16+ consist of a neutron ν10+ configu-
ration coupled to even-spin proton configurations. According
to the GCN50:82 calculation, the leading configurations of the
Jπ = 5− isomer are (3%) ν(d−1

3/2h−1
11/2) and (10%) ν(s−1

1/2h−1
11/2).

The calculation describes the negative-parity states above the
Jπ = 5− isomer with a neutron angular momentum of 7h̄
coupled to the proton quadrupole excited states (0+, 2+, 4+).

Figures 8(a) and 8(b) show the evolution of several states in
the positive- and negative-parity yrast band along the N = 78
isotones ranging from 130Te to 142Gd. The newly established
states of 134Ba are marked with thicker lines. The 16+ →
14+ → 12+ → 10+ cascade in 134Ba fits the systematics
[Fig. 8(a)]. Moreover, the reevaluated negative-parity band is
in good agreement with the systematics [Fig. 8(b)]. Similarly
to the N = 78 chain, Fig. 8(c) presents the evolution of
positive-parity excited states along the Ba isotopes. The mid-
shell Ba nuclei exhibit excitation spectra which are rotational
in character, while a gradual change to a vibrational character
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FIG. 8. Evolution of excited states along the even-mass N = 78
isotones for (a) the positive-parity yrast states and (b) for the
negative-parity yrast states. (c) Evolution of positive-parity yrast
states along the Z = 56 even-mass Ba isotopes. Newly discovered
states in 134Ba are marked with thick lines. Data taken from Refs. [50,
94–96].

is observed when approaching the N = 82 shell closure. 134Ba
lies in between, demonstrating the transitional character of
this nucleus.

Backbending and upbending phenomena in the positive-
parity yrast bands of even-even Ba isotopes were system-
atically investigated in the past. A comparison of the net
aligned angular momentum ix(ω) of the positive-parity band
in 134Ba with the corresponding bands in lower even-mass
neighbors 132−126Ba and 122Ba is displayed in Figs. 9(a)
and 9(b). The ground-state cascade below the crossing serve
as reference and is fitted according to Harris et al. [97] via
Ix,coll. = aω + cω3. The determined parameter is incorporated
into the net aligned angular momentum for a given spin Ji, f of
the state: ix = Ix − Ix,coll., where Ix = (I i

x + I f
x )/2 with I i, f =√

Ji, f (Ji, f + 1). Starting from the midshell 122Ba, proton and
neutron-hole align in a continuous way along the yrast line.
Blocking arguments are used to assign the first alignment to
a proton crossing [25]. In 124Ba the yrast sequence above the
Jπ = 10+ state splits into two streched E2 cascades with two
distinct alignments. According to blocking arguments and by
comparing crossing frequencies in neighboring nuclei 125Ba
and 125Cs, the alignment in 124Ba with the lower critical
frequency was assigned to a pair of h11/2 protons, while the
alignment with the higher critical frequency is generated by a
h11/2 neutron-hole pair [26].

The band structure in 126Ba has similar character like the
one in 124Ba. Calculated routhians indicate a higher crossing

FIG. 9. Evolution of net aligned angular momenta ix (h̄) along
the even-mass Ba chain as a function of rotational frequency h̄ω.
Isotopes along the Ba chain exhibit two S bands with (a) neutron-
hole (νh−2

11/2) and (b) proton (πh2
11/2) configurations. (c) Summary

of observed crossing frequencies between ground-state band and S
bands based on proton (π ) and neutron (ν) configurations for Ba
isotops. The frequencies have been determined from net aligned
angular momenta plots. Data extracted from Refs. [50,96].

frequency for neutron-hole pairs than for proton pairs in
126Ba [27]. Since the two S bands in 128Ba are degenerated,
no unambiguous assignment is possible [28,29]. A change
in the nuclear structure is observed in 130Ba where four
J = 10+ states are observed within a small energy range of
343 keV. Two J = 10+ states are the bandheads of the S
bands. Cranking calculations suggest that the proton align-
ment occurs after neutron-hole alignment [30]. A negative
g factor of the Jπ = 10+ state unambiguously assigned a
neutron-hole νh−2

11/2 configuration to the S band in 132Ba [31].
This assignment was confirmed by calculations within the
framework of pair-truncated shell-model approach [32]. So
far, no evidence for proton alignment was reported in literature
for 132Ba.

While the net aligned angular momentum plot for the S
band originating from neutron-hole alignment is shown in
Fig. 9(a), the similar plot for proton alignment is displayed
in Fig. 9(b). Overall, the alignment pattern of 132Ba shows a
considerable similarity with respect to 134Ba [cf. Fig. 9(a)].
The crossing frequency at which the alignment occurs is mass
dependent in both cases. Figure 9(c) shows a summary of
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FIG. 10. (a) Comparison between experimental and calculated
total aligned angular momenta Ix as a function of the rotational
frequency h̄ω, employing GCN50:82, SN100PN, SNV, PQM130,
and Realstic SM calculations for 134Ba. Only a partial comparison
with SN100PN and SNV is displayed since both interactions predict
the Jπ = 8+

1 state above the Jπ = 10+
1 state. [(b) and (c)] Calcu-

lated reduced quadrupole transition strengths for yrast B(E2) values
employing the GCN50:82 and SN100PN interactions. Experimental
values are visualized as black filled dots, taken from Refs. [45,48].
(b) The first calculations use the complete gdsh valence space; (c) the
second prohibit more than one proton in the πh11/2 orbital.

experimentally determined crossing frequencies between S
bands and the ground-state bands for proton and neutron-
hole alignment as a function of neutron number along Ba
isotopes. Since the proton alignment increases and the neu-
tron alignment decreases with mass number, the new deter-
mined crossing frequency in 134Ba matches the systematics
of neutron-hole alignment. Consequently, in accordance with
the similarity with the neutron-hole alignment in 132Ba [cf.
Fig. 9(a)], it is reasonable to assign the band crossing in 134Ba
to neutron-hole νh−2

11/2 alignment.
To further inspect the above-mentioned alignment proper-

ties in 134Ba, the results of the shell-model calculations are
reparametrized into the total aligned angular momenta Ix as
a function of the rotational frequency h̄ω. Figure 10(a) com-
pares the extracted theoretical and experimental total aligned
angular momenta for all five calculations. Calculated Ix val-
ues for the Jπ = 8+

1 and 10+
1 states of the SNV, SN100PN,

and Realistic SM interactions are not considered, since all
three interactions have a reversed ordering of both states.
The critical frequency at which alignment occurs is slightly
underestimated by the SN100PN interaction, while the SNV
and Realistic SM interactions overpredict the alignment
frequency slightly. Overall, GCN50:82 yields the best
agreement with the experimental critical frequency. Both
GCN50:82 and PQM130 interactions tend to slightly

underpredict the minimal rotational frequency at the position
of the Jπ = 10+ state. The experimentally observed second
alignment at the Jπ = 16+ state is predicted correctly by all
calculations. In fact, all five theoretical calculations provide
a fair agreement of the experimental backbending pattern in
134Ba.

It is well known, that reduced transition strength values
B(E2; Jπ → Jπ − 2) are reduced in the vicinity of the back-
bending region [98]. Consequently, calculated B(E2) values
serve as test for the predictive power of shell-model calcula-
tions for nucleon alignment. In Fig. 10(b), calculated B(E2)
values along the positive-parity yrast band are compared to
available experimental data in 134Ba [45,48]. The SN100PN
and the GCN50:82 interactions are employed using effective
charges of eπ = 1.75e and eν = 0.75e. They are optimized to
reproduce the B(E2; 2+ → 0+) and B(E2; 4+ → 2+) values.
Both interactions are capable to predict the continuous drop
of transition strength from the Jπ = 4+ state to the isomeric
Jπ = 10+ state. Going to higher spins, low B(E2) values
prevail beyond the Jπ = 10+ state for both interactions.

The role of the πh11/2 and νh11/2 orbitals are scrutinized
by a separate calculation by prohibiting more than one proton
in the πh11/2 orbital. Using this truncation, proton alignment
components are prevented in the calculations. Results of cal-
culated B(E2) values are presented in Fig. 10(c). Obviously,
the overall result is very similar to the untruncated calculation;
the good agreement with respect to the experimental values
remain unaltered. Moreover, the truncated results of both
interactions resembles each other. The decreasing trend of
the B(E2) values at spin 6h̄ and 8h̄ is interrupted by this
truncation. The increase of the B(E2) values at spin 6h̄ and 8h̄
indicate that proton components are crucial to describe both
states. On the other hand, B(E2) values between states above
the Jπ = 10+ isomer are unaffected by the truncation, under-
pinning the assumption that these states are predominantly of
neutron character with negligible proton h11/2 configuration
admixture. This observation is in accordance with the negative
measured g factor of the Jπ = 10+ state by Bell et al. [45]. It
is concluded that proton components play a critical role at the
beginning of the alignment process at the Jπ = 6+ state and
subsequently two-neutron h11/2 alignment becomes pivotal
above the Jπ = 10+ state.

B. 133Ba

The level structure of the even-odd isotope 133Ba is more
complex in comparison to the even-even partner 134Ba. Since
B(E1) transition strength values cannot be evaluated in the
0g7/21d5/21d3/22s1/20h11/2 valence space, a microscopic dis-
cussion of the isomeric property of the Jπ = 19/2+ state
is presented in the following by the GCN50:82, SN100PN,
and SNV calculations. Subsequently, results from a truncated
calculation including the neutron ν1 f7/2 orbital are discussed
using EPQQM. An untruncated calculation in the gdsh +
ν(1 f7/22p3/2) valence space is not feasible since the m-
scheme dimension would exceed the nowadays computational
limits of approximately 1011.

The calculated excitation energy of each positive-negative
parity state as a function of the angular momentum J were
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FIG. 11. (a) E2 map: Calculated excitation energy against spin
of positive- and negative-parity states of 133Ba obtained by the
SNV calculation. The widths indicate the E2 transition probabilities.
Decomposition of the total angular momentum Iπ ⊗ Iν in their proton
and neutron components for Jπ = 19/2+

1 and Jπ = 19/2−
1 states in

[(b) and (c)] 133Ba and [(e) and (f)] 131Xe, employing the GCN50:82
(filled blue boxes) and the SN100PN interaction (empty red boxes).
Jπ = 19/2+

1 states arise from couplings of a h−1
11/2 neutron-hole to the

Jπ = 5− states in (d) 134Ba and (g) 132Xe.

computed utilizing the SNV interaction. A so-called E2
map [76] of the results is shown in Fig. 11(a). States are
connected with lines. The linewidths are proportional to the
B(E2) strength between the states. The adopted effective
charges are 1.6e and 0.8e for protons and neutrons, respec-
tively. The SNV interaction predicts the Jπ = 19/2+ state
at 1870 keV, which is in good agreement with the experi-
mental value of 1942 keV. Other positive-parity states with
spins 15/2h̄ and 17/2h̄ are predicted at excitation energies
of 2145 and 2585 keV, which is significantly higher than the
excitation energy of the Jπ = 19/2+ state. Consequently, the
Jπ = 19/2+ state cannot decay into another positive-parity
state and becomes a spin-gap isomer.

A similar isomeric Jπ = 19/2+ state with a half-life of
14(3) ns was observed in the −2p isotone 131Xe [14]. Fig-
ures 11(b) and 11(c) and Figs. 11(e) and 11(f) show the de-
composition of the total angular momentum Iπ ⊗ Iν in proton
and neutron components for Jπ = 19/2+

1 and 19/2−
1 states in

133Ba and 131Xe, employing the GCN50:82 (filled blue boxes)

TABLE III. Average occupation numbers for protons (π ) and
neutrons (ν) in each single-particle orbit of the gdsh model space
for Jπ = 19/2+ and 19/2− states in 133Ba employing the EPQQM
interaction.

Jπ π/ν 0g7/2 1d5/2 1d3/2 2s1/2 0h11/2 1 f7/2

Untruncated calculation without cross-shell

19/2+
1 π 3.59 2.17 0.16 0.06 0.03 –

19/2+
1 ν 7.73 5.57 2.37 1.35 9.97 –

19/2−
1 π 3.83 1.67 0.28 0.17 0.05 –

19/2−
1 ν 7.81 5.74 2.88 1.55 9.02 –

Truncated calculation with cross-shell

19/2+
1 π 3.91 2.09 – – – –

19/2+
1 ν 7.67 5.48 2.51 1.35 9.77 0.22

19/2−
1 π 3.95 2.05 – – – –

19/2−
1 ν 7.81 5.73 2.94 1.52 8.81 0.20

and the SN100PN interactions (empty red boxes). No signifi-
cant deviations between both calculations are visible. Differ-
ences have been observed very recently in 136Ba [96]. The
experimental energy gaps between both states are 189 keV
in 131Xe and 83 keV in 133Ba. Theoretical values are higher
with 362 and 188 keV in 131Xe (GCN50:82 and SN100PN)
and 249 and 164 keV in 133Ba. Both interactions predict
the Jπ = 19/2+ state to have predominant ν19/2+ ⊗ π0+ spin
configuration. Neutron ν(h−2

11/2s−1
1/2d−2

3/2) components account

for 29 and 31% (GCN50:82 and SN100PN) in 131Xe and 22
and 24% in 133Ba. Significant proton couplings to this neutron
configuration are 7/16% π (g4

7/2) and 9/8% π (g2
7/2d2

5/2) in
131Xe and 9/12% π (g4

7/2d2
5/2) in 133Ba.

The Jπ = 19/2− states in 131Xe and 133Ba have a frag-
mented pattern of proton and neutron components as visible in
Figs. 11(c) and 11(f). The spin mainly arises from couplings
of ν19/2− ⊗ π0+ , ν15/2− ⊗ π2+ , and ν11/2− ⊗ π4+ . The dominant
configuration is attributed to 9/7% ν(h−3

11/2d−2
3/2) ⊗ π (g2

7/2d2
5/2)

in 131Xe and 7/9% ν(h−3
11/2d−2

3/2) ⊗ π (g4
7/2d2

5/2) in 133Ba. The
isomeric character can be traced back to the stretched neu-
tron spin ν19/2+ of the Jπ = 19/2+ state, which hinders a
decay into the ν11/2− components of the Jπ = 19/2− state
in both nuclei. Overall, the Jπ = 19/2+ and 19/2− states
have very similar structures in both nuclei. Consequently, the
additional proton pair of 133Ba is mainly paired with respect
to 131Xe.

Two refined calculations using the EPQQM interaction
are employed: (i) an untruncated calculation without cross-
shell excitations comprising the gdsh valence space and (ii)
a truncated calculation prohibiting proton excitations into
the 1d3/2, 2s1/2, and 0h11/2 orbitals but allowing cross-shell
excitations into the neutron 1 f7/2 orbital. The upper part of
Table III shows the untruncated calculated occupation num-
bers of protons and neutrons for the Jπ = 19/2+ and 19/2−
states in 133Ba. The EPQQM results confirm the leading con-
figurations of ν(h−2

11/2s−1
1/2) (Nνh11/2 = 9.97, Nνs1/2 = 1.35) for

initial Jπ = 19/2+ state and of ν(h−3
11/2) (Nνh11/2 = 9.02) for

final Jπ = 19/2− state consistently with the other calculations
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TABLE IV. Average neutron occupation numbers in each single-
particle orbit of the gdsh model space in 133Ba and 134Ba, calculated
using the GCN50:82 and SNV interactions.

Isotope Jπ 0g7/2 1d5/2 1d3/2 2s1/2 0h11/2

GCN50:82

133Ba 19/2+
1 7.76 5.73 2.28 1.39 9.84

134Ba 5−
1 7.78 5.73 2.46 1.35 10.69

SNV

133Ba 19/2+
1 7.87 5.53 2.23 1.35 9.92

134Ba 5−
1 7.88 5.56 2.33 1.37 10.87

(cf. Table IV in discussion below). The Jπ = 19/2+ state is
calculated to have 1.94 MeV excitation energy which is in
excellent agreement with the experimental value.

In addition, the valence space is enlarged by the neutron
1 f7/2 orbital. In order to make the dimension of the configu-
ration space tractable, proton excitations into the 1d3/2, 2s1/2,
and 0h11/2 orbitals are forbidden, which is reasonable since
the corresponding occupation is neglected small and EPQQM
predicts a high degree of g7/2 and d5/2 occupation for protons
at both states (see Table III). Applying this truncation, the
excitation energy of the Jπ = 19/2+

1 state is slightly shifted to
1.75 MeV. The impact of the truncation and the inclusion of
the 1 f7/2 orbital on the calculated average occupation numbers
is visualized in the lower part of Table III.

The occupation of the 1 f7/2 orbital amounts to approxi-
mately 0.2. The pure two (Nνh11/2 = 9.97) and three (Nνh11/2 =
9.02) neutron-hole configuration from the untruncated calcu-
lation of initial and final states is rearranged in favor of the
ν1 f7/2 occupation (cf. Nνh11/2 = 9.77 for inital and Nνh11/2 =
8.81 for final states). The E1 transition operator between both
states is driven by the share of 1 f7/2 cross-shell configura-
tions. Thus, it has a perturbative but decisive role for a de-
tailed description of the overall configuration of these states.
The theoretical B(E1; 19/2+

1 → 19/2−
1 ) transition strength is

computed to be 5 × 10−4 e2 fm2. Effective charges of eπ =
1.7 and eν = 0.7 were employed. The theoretical B(E1) value
overpredicts the experimental value of 7.7(4) × 10−6 e2 fm2

by almost two orders of magnitude.
In Refs. [10,19,23] it was suggested that the Jπ = 19/2+

states in odd-mass nuclei along N = 77 arise from couplings
of a neutron-hole to the Jπ = 5− state in even-mass N =
78 nuclei. As mentioned above in Sec. IV A, the leading
configuration of the Jπ = 5− state in 134Ba is ν(s−1

1/2h−1
11/2)

generating fully stretched ν5− ⊗ π0+ and ν5− ⊗ π2+ spin con-
tributions. [see Fig. 11(d)]. The same applies for 132Xe as
shown in Fig. 11(g). In accordance with the Pauli principle,
an additional h11/2 neutron-hole couples with a spin of 9/2h̄
to this configuration. Consequently, the spin decompositions
of both states are very similar but those of the Jπ = 19/2+
state is shifted by a neutron spin of 9/2h̄ with respect to
the Jπ = 5− state in both nuclei. The leading ν(h−2

11/2s−1
1/2)

configuration of the Jπ = 19/2+ state in 133Ba and the con-
nection to the Jπ = 5− isomer in 134Ba are scrutinized by
investigating the evolution of calculated average occupation

numbers of neutrons in the gdsh model space for Jπ = 19/2+
and 5− isomers in 133Ba and 134Ba, respectively, as listed in
Table IV. The average occupation of the neutron h11/2 orbital
for the Jπ = 5− state in 134Ba is Nν ≈ 10.78 indicating a
one-neutron νh−1

11/2 configuration. A partial occupation of the

νs1/2 orbital (Nν ≈ 1.36) supports a predominant νh−1
11/2s−1

1/2

configuration. Compared to this, a decrease to Nν ≈ 9.88
for the νh11/2 orbital of the Jπ = 19/2+ state is observed,
while the occupation of the remaining orbitals stays constant.
These observations and the aforementioned disscusion of spin
contributions corroborates that the Jπ = 19/2+ state arises
predominatly from a coupling of a neutron-hole and the Jπ =
5− state in 134Ba, as suggested in Refs. [10,19,23].

V. CONCLUSIONS

In summary, two experiments employing the 136Xe + 208Pb
multinucleon-transfer reaction and the 13C + 124Sn fusion-
evaporation reaction were used to measure half-lives of high-
spin isomers in 133,134Ba and to establish new high-spin
states in 134Ba. The level scheme of 134Ba was extended
to approximately 6 MeV. A pronounced backbending along
the positive-parity yrast band was identified at around h̄ω =
0.38 MeV. Comparisons with crossing frequencies along the
even-Ba chain indicated that the backbending can be traced
back to neutron alignment. In general, the new experimental
results such as the backbending phenomena are reproduced
by the GCN50:82 and PQM130 interactions; however, SNV,
SN100PN, and Realistic SM predict the Jπ = 8+ state slightly
above the Jπ = 10+ isomer. A detailed inspection using
truncated calculations for 134Ba reveals that the alignment of
yrast states above the Jπ = 10+ isomer is clearly of neutron
character. Beside previous investigations in few other nuclei,
like 132Ba [41], 132,134,136Ce [42], and 131Xe [13], these results
demonstrate convincingly the applicability of modern shell-
model interactions in order to describe the interplay between
single-particle and collective excitation in this transitional
region which arises from the specific h11/2 intruder orbital.
Backbending and alignment properties are traced back to the
wave function and their decomposition into specific single
particle contributions.

The previously evaluated half-life of 2–5 ns for the
1942-keV state in 133Ba was revised to T1/2 = 66.6(20) ns.
The new half-life of this isomeric state completes the system-
atics of Jπ = 19/2+ isomers for the N = 77 isotones. Large-
scale shell-model calculations using the SNV, GCN50:82, and
SN100PN have been performed to explain the level structure
of 133Ba and the underlying configuration of the measured
Jπ = 19/2+ isomer. The calculations point out that the iso-
mer can be interpreted as predominant 134Ba(5−

1 ) ⊗ ν(0h−1
11/2)

configuration. A truncated calculation using EPQQM in an
enlarged valence space yield a B(E1; 19/2+

1 → 19/2−
1 ) value

which is two orders of magnitude too high compared to
the experimental value. In the future, untruncated calcula-
tions in the full gdsh valence space incorporating cross-shell
configuration ν1 f1/2 and ν2p3/2 are of highest interest to
provide a more complete description of the 50 � Z , N � 82
nuclei.
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Addendum: 19/2+ isomer in the N = 77 isotone 137Nd

Similar to the Jπ = 23/2+ isomers along the N = 79 chain, isomeric Jπ = 19/2+ states appear along

the N = 77 chain. As discussed in Sec. 1.1.1 of this thesis (see Figure 3(b)), precise half-lives were

evaluated in 127Sn [32], 131Xe [33], and 135Ce [34]. Only estimates of the corresponding half-lives in

the lower ns regime were reported for 133Ba [36] and 137Nd [35]. The investigation of the Jπ = 19/2+

isomer in 133Ba is subject of the publication “Isomer spectroscopy in 133Ba and high-spin structure

of 134Ba”, presented in this thesis. Considering the results of this publication, the last remaining

Jπ = 19/2+ state with insufficiently known half-life information is the 2222-keV state in 137Nd. The

high-spin structure above the Jπ = 11/2− isomer in 137Nd was thoroughly investigated by several

heavy-ion experiments [2]. Only a single study aimed at the investigation of high-spin isomers.

Gizon et al. [35] determined a half-life range of 1 to 4 ns for the 2222-keV state in 137Nd utilizing a

pulsed 16O+124 Te experiment. This state was assigned with spin/parity of Jπ = 19/2+, based on the

fact that an alternative parity-conserving M1 transition exhibits an unusually large hindrance factor.
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Figure 11: (a) Partial levelscheme of 137Nd. Energies and spins are adopted from Ref. [35]. (b)
LaBr3 (blue) and HPGe (red) γ-ray spectra with applied double HPGe-LaBr3 gates. (c)
Time-difference spectrum between 407 and 328-keV transitions. The thick green line
indicates the exponential fit used to extract the half-life of the Jπ = 19/2+ state. The grey
step function shows a prompt time spectrum.

A possible onset of Jπ = 19/2+ isomerism along the N = 77 chain was subject of a 16O+125Te

fusion-evaporation experiment utilizing the electronic fast-timing technique at the IKP Cologne in

order to measure lower nano-, and picosecond-scale half-lives in 137Nd. Gamma rays were detected

using eleven HPGe detectors, mounted in two rings at 45◦ and 142.3◦ with respect to the beam axis.

In addition, seven LaBr3 detectors were placed around the target chamber perpendicular to the beam

axis. Three time-to-amplitude (TAC) converters were used to measure the time difference between γ

rays, detected in two LaBr3 detectors in HPGe-gated triple-coincidence spectra.



To increase the statistics in the analysis of the 2222-keV state, a sum spectrum of three doubly-gated

spectra with a constant LaBr3 gate on the 328-keV transition and different HPGe gates on the 581,

669, and 706-keV transitions is analysed. In order to ensure clear conditions for the second LaBr3

gate, the final doubly-gated LaBr3 and HPGe spectra are shown in Fig. 11(b). The 407-keV peak in

the LaBr3 spectrum is not contaminated by other transitions. By setting a third gate in the summed

LaBr3 spectrum, delayed and anti-delayed TAC spectra are obtained. Figure 11(c) shows the sum

of anti-delayed and inverted delayed TAC time-difference spectrum. The half-life of the Jπ = 19/2+

state at 2222 keV in 137Nd is longer than the width of the prompt peak. Therefore, a slope appears on

the delayed side of the prompt peak. In addition, a time-difference spectrum between the 706-, and

669-keV transitions is plotted by a grey step function, demonstrating that the residual background of

the prompt peak is negligible in the region of the slope. The thick green line indicates the exponential

fit of the data points. A fit results in a preliminary half-life of 0.38(7) ns, taking into account systematic

errors. The value is slightly lower than the obtained value of 1-4 ns from Ref. [35]. However, the new

value shows a smooth onset of decreasing half-lives of Jπ = 19/2+ states while filling of the proton

number along the N = 77 chain.
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and 136Xe+208Pb reactions employing the high-resolution Advanced GAmma Tracking Array
(AGATA) coupled to the magnetic spectrometer PRISMA at the Laboratori Nazionali di Leg-
naro, Italy and in the fusion-evaporation reaction 124Sn(9Be,p2n)130I as an elusive reaction product
employing a γ-ray array in combination with a silicon detector to gate on evaporated protons at
the University of Cologne, Germany. The previously unknown high-spin level scheme of 130I is
established up to 2.8 MeV. Members of the πg7/2 ⊗ νh11/2 and πh11/2 ⊗ νh11/2 configurations are
interpreted in terms of systematics and a comparison with results of large-scale shell-model calcu-
lations.

I. INTRODUCTION

Shell-model studies of the nuclear structure above
doubly-magic nucleus 132Sn are mainly focused on even-
even systems. Nuclei with odd proton and neutron num-
bers represent a challenging topic for experimentalists
and theorists. However, such studies furnish impor-
tant information on pairing energies and direct infor-
mation on the proton-neutron interaction. This is es-
sential for spherical shell-model theory and can be ob-

a Corresponding author: levent.kaya@ikp.uni-koeln.de
b Deceased.

tained from odd-odd nuclei by studying multiplets aris-
ing from correlations between valence particles. Due to
the strong residual pairing force between the unpaired
nucleons, odd-odd nuclei show an intricate nuclear struc-
ture. These complex systems give rise to a strong mixing
of single-particle and collective excitations. Therefore,
doubly-odd I isotopes near the N = 82 neutron closed
shell provide an interesting benchmark for the predictive
power of modern effective shell-model interactions.
Figure 1 presents a partial nuclei chart of the N ≤ 82,

Z ≥ 50 region. The nuclei are color coded with the maxi-
mum excitation energy of states previously reported from
γ-ray spectroscopy experiments. Obviously, precise and
extensive experimental information is available for most
of the nuclei between Te and Ba isotopes. However, the
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Figure 1. Part of the nuclei chart showing the transitional
Te-I-Xe-Cs-Ba region. The colour code indicates the max-
imum excitation energy measured in high-spin γ-ray spec-
troscopy experiments. Black horizontal lines mark stable iso-
topes. Data compiled from Ref. [1].

systematics of iodine isotopes lacks some detailed knowl-
edge. The high-spin level structure of doubly-odd I iso-
topes is associated with two-quasiparticle (2-QP) config-
urations. In face of the neutron-rich structure, bands
build on couplings of the unpaired neutron in the h11/2
orbital with the unpaired proton occupying one of the
0g7/2, 1d5/2, 1d3/2, 2s1/2, and 0h11/2 orbitals are of
special interest. In fact, collective bands build on the
Jπ = 8− state with πg7/2/d5/2 ⊗ νh11/2 configurations
were systematically reported in a series of doubly-odd I
isotopes [1–6]. The band undergoes a transition from a
collective structure in midshell iodine isotopes [6] to a
sequence of single-particle states in 134I [7]. Similarly, a
gradual change of the rotational-like πh11/2 ⊗ νh11/2 2-
QP band based on the Jπ = 10+ state to a vibration-like
structure was observed along the doubly-odd I chain to-
wards the N = 82 shell closure [1–6]. No complementary
information were obtained for the neutron-rich nuclei 130I
and 132I, where results on excited states are limited to
direct reactions with light ions and β-decay studies.

The spin and parity assignment of the Jπ = 5+

ground state in 130I with a half-life of T1/2 = 12.6 h
is known since the 1950s [8]. Prior to this work, ex-
cited states in 130I were studied solely via proton-induced
130Te(p, nγ) [9, 10] and neutron-induced 129I(n, γ) [10]
reactions by means of γ-ray spectroscopy. The first
study [9] obtained a level scheme with excited states
up to approx. 1 MeV excitation energy and spin val-
ues not higher than 6 ~. A Jπ = 6− isomer at 85 keV
with a half-life of 229(14) ns and a negative g factor was
found to directly decay into the ground state [9]. Based
on that work, a very comprehensive spectroscopic study
was performed by Sakharov et al. [10] utilizing gamma
and conversion electron spectroscopy at ILL in Grenoble
with a setup combining the bent crystal spectrometer
GAMS [11] and the electron spectrometer BILL [12] in

conjunction with an HPGe array, at LNPI in Gatchina
with the magnetic spectrometer BETSI [13] in combi-
nation with an HPGe and Si(Li) array, and finally at
the Q3D spectrometer [14] using the Munich tandem ac-
celerator. As a result of the different experiments, the
previously known level scheme was extended by 43 ex-
cited states with precise measured excitation energies and
unique spin assignments. A comparison between the ob-
served excitation patterns of 130I from (n, γ) and (d, p) re-
actions revealed several two-quasiparticle multiplets orig-
inating from different proton-neutron (p-n) configura-
tions. A nanosecond Jπ = 8− isomer (T1/2 = 315(15) ns)
was found to be a member of the πg7/2 ⊗ νh11/2 config-
uration. Moreover, the Jπ = 6− states split into two
distinct p-n multiplets. The yrast Jπ = 6− isomer is
decaying via a 69.5-keV γ-ray towards the ground state
with a half-life of 133(7) ns, identified as another member
of the πg7/2 ⊗ νh11/2 multiplet. In contrast, the previ-
ously known second excited Jπ = 6− isomer at 85 keV
was confirmed with a remeasured half-life of 254(4) ns
and associated with the πd5/2 ⊗ νh11/2 multiplet.
In this article, excited states in 130I were populated in

three different experiments. Multinucleon-transfer reac-
tions have proven to be an efficient way for the popula-
tion of intermediate to high-spin states of A = 130 nuclei.
The combination of the high-resolution position-sensitive
Advanced GAmma Tracking Array (AGATA) [15] and
the PRISMA magnetic mass spectrometer [16–18] at the
Laboratori Nazionali di Legnaro (LNL, Italy) was em-
ployed to study transitions in 130I after 136Xe + 238U
and 136Xe + 208Pb multinucleon transfer. Furthermore,
130I was populated in a 124Sn(9Be, p2n)130I fusion-
evaporation reaction at the Institute of Nuclear Physics,
University of Cologne. A γ-ray array was coupled to a
silicon detector for the detection of evaporated protons.
This paper is organized as follows: the experimental

setup, data analysis and the experimental results of the
three experiments are presented in Sec. II. A comparison
with results from modern shell-model calculations is pre-
sented in Sec. III before the paper closes with a summary
and an outlook in Sec. IV.

II. EXPERIMENTAL PROCEDURE, DATA
ANALYSIS AND RESULTS

A. 136Xe + 238U multinucleon transfer

States in 130I were excited in a 136Xe + 238U
multinucleon-transfer experiment at the Laboratori
Nazionali di Legnaro (LNL), Italy. The PIAVE+ALPI
accelerator provided a 136Xe beam with an energy of
7.35 MeV/nucleon and a beam current of 2 pnA to bom-
bard two different 238U targets with thicknesses of 1
and 2 mg/cm2. The 238U targets are supported by 0.8-
mg/cm2 thick Nb foils facing the beam. AGATA was
employed in its full demonstrator configuration with 15
HPGe detectors in five triple cryostats placed in the nom-
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Figure 2. Doppler-corrected γ-ray spectra gated on 130I identified with PRISMA in the (a) 136Xe + 238U and (b) 136Xe + 208Pb
experiments. Both insets (c) and (d) represent the mass spectra of the I isotopes obtained with PRISMA. The applied mass gates
on 130I are marked black. γ-ray spectrum of 130I with a gate on (e) transfer-, and (f) fission-like events from the 136Xe + 238U
experiment. Matrix of the time difference ∆ToF between PRISMA and DANTE with respect to the total kinetic energy loss
of 130I, visualizing the applied two dimensional gates on (g) transfer-, and (h) fission-like events. γ-ray spectrum of 130I with
gates on (i) low TKEL and (j) high TKEL values, respectively. The applied gates on the TKEL distributions are shown in the
insets (k) and (l).

inal position, 23.5 cm away from the target. Informa-
tion on the data analysis of this experiment is comprised
in Ref. [19]. The light projectile-like reaction fragments
of interest were identified by the magnetic spectrometer

PRISMA [16–18] placed at the reaction’s grazing angle
θlab = 50◦. Pulse-shape analysis of the digitized detec-
tor signals was applied to determine the individual in-
teraction points within the HPGe shell [20], allowing the
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Orsay forward-tracking algorithm [21] to reconstruct the
individual γ-ray energies, determine the first interaction
point of the γ ray in the germanium and, thus, the emis-
sion angle. Together with the kinematic information from
PRISMA, a precise Doppler correction was performed
on an event-by-event basis. In order to retrieve a kine-
matic coincidence between different reaction products,
the microchannel plate detector DANTE (Detector Ar-
ray for Multinucleon Transfer Ejectiles) [22] was placed
at the grazing angle for the target-like reaction products.
The Doppler-corrected singles γ-ray spectrum of 130I is
shown in Fig. 2(a), while the corresponding mass spec-
trum along I isotopes is depicted in the inset Fig. 2(c).
Random background is significantly suppressed by gating
on the prompt time-difference peak with full width at half
maximum (FWHM) of approx. 16 ns between AGATA
and PRISMA. Contaminant γ-ray transitions from the
adjacent ±1p and ±1n channels can be ruled out. Due
to the presence of the long-lived Jπ = 6−

1,2 and Jπ = 8−

states in the level scheme of 130I [10], decays from these
states are not observed in the spectrum. The largest peak
is located at 749 keV. Further peaks at 135, 206, 341, 380,
397, 422, 444, 557, 558, 607, 692, 846, 922, and 972 keV
are visible in the spectrum. Since none of the decays
from known low-spin excited states below 1 MeV excita-
tion energy [9, 10] are observed in the γ-ray spectrum,
it is most probably to assume that these transitions are
attributed to cascades feeding the high-spin band-head.
However, the accumulated statistic in the 136Xe + 238U
experiment is insufficient to assign the new transitions in
a level scheme of excited states via a γγ analysis.

Two production pathways were used to populate nu-
clei in this experiment; namely fission and MNT reac-
tions. MNT reactions are a gateway to populate a large
abundance of states from low to high spins and excita-
tion energies, while fission reactions favor to select highly
excited states [17]. The measured time-of-flight differ-
ences (∆ToF) of coincident reaction products between
PRISMA and the DANTE MCP enables the discrimina-
tion of both production pathways. The different ∆ToF
values in fission and MNT modes can be traced back
to the different kinetic energies of fission and transfer
products. Recently, is was demonstrated that a sim-
ilar analysis procedure provides additional information
for the assignment of new transitions within the level
scheme of 134Xe [19, 23]. Figs. 2(g) and (h) present a
matrix of ∆ToF plotted against the total kinetic energy-
loss (TKEL) value of the reaction, reconstructed from
the measured momentum vector of the beam-like recoils
inside PRISMA and the energy information provided by
the DANTE MCP [24]. The calculated TKEL values for
the fission fragments are only qualitative since this quan-
tity is actually based on a binary-partner reaction sys-
tem. Nonetheless, transfer-like and fission-like fragments
are separated as two distinct domains in the matrix. A
gate on MNT events, i.e. restricting the ToF domain and
gating on TKEL values representing deep-inelastic reac-
tions, yields preferably cold 130I reaction products. The

Table I. Energies, spin assignments and relative in-beam in-
tensities for γ-ray transitions in 130I. Fitted energies and
relative intensities normalized to the 748.8-keV transition are
taken from two experiments: from the AGATA 136Xe+ 208Pb
(I1
γ) and from the 9Be + 124Sn (I2

γ) reactions. The uncertain-
ties in the transition energies are ± 0.5 keV.

Eγ (keV) Ei (keV) Ef (keV) I1
γ I2

γ

135.2 (2846.7 + x) (2711.5 + x) 14(4) 9(3)
177.4 — — 14(3) —
331.3 (1740.2 + x) (1406.1 + x) — 5(4)
340.5 (1851.1 + x) (1510.6 + x) 25(4) 11(2)
380.3 — — 15(3) —
396.5 (1907.1 + x) (1510.6 + x) 21(5) 13(2)
421.8 — — 17(7) —
443.8 (2351.0 + x) (1907.1 + x) 24(5) 8(1)
466.9 — — 12(4) —
509.9 (1915.1 + x) (1406.1 + x) — 5(4)
587.8 (1406.1 + x) (818.3 + x) 27(4) 23(3)
606.6 — — 12(3) —
630.0 — — 14(3) —
692.3 (1510.6 + x) (818.3 + x) 54(6) 53(4)
748.8 (818.3 + x) (69.5 + x) ≡ 100 ≡ 100
845.6 — — 13(4) —
848.6 — — 12(4) —
914.0 — — 10(4) —
921.9 (1740.2 + x) (818.3 + x) 36(5) 23(3)
971.3 (2711.5 + x) (1740.2 + x) 16(4) 13(2)
1091.6 (1909.9 + x) (818.3 + x) — 5(4)

corresponding γ-ray spectrum is shown in Fig. 2(e). Oth-
erwise, a gate on fission fragments predominantly selects
highly excited 130I nuclei (c.f. Fig. 2(f)). The statistics in
the fission channel exceeds the number of counts in the
MNT channel by a factor of seven. In both production
mechanisms, the 749-keV transition is dominating the γ-
ray spectra. Transitions at 341, 380, 397, 444, 692, 846,
922, and 971 keV are strongly represented in the fission
part. This observation indicates that these transitions
are most likely members of states located at higher exci-
tation energies relative to the 749-keV transition. How-
ever, due to the limited statistic in the MNT channel, a
more detailed analysis is not feasible.

B. 136Xe + 208Pb multinucleon transfer

In a second multinucleon-transfer experiment states
in 130I were excited in a 136Xe + 208Pb reaction with
a beam energy of 6.84 MeV per nucleon, delivered by
the PIAVE+ALPI accelerator complex. The target had
a thickness of 1-mg/cm2. The Advanced GAmma Track-
ing Array (AGATA) [15] was employed in a first demon-
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Figure 3. (a) Projection of the γγ matrix of the 9Be + 124Sn reaction. Strong peaks are stemming from the main reaction
channels 129,130Xe. (b) Gated γγ matrix with a gate on evaporated charged particles; Transitions from 129,130I are prominently
visible. Transitions from Te, Xe, I, and Ta isotopes are indicated with symbols and vertical dotted lines (130I) in the spectrum.

strator configuration [22] with nine large-volume elec-
tronically segmented high-purity Ge (HPGe) detectors
in three triple cryostats [25] placed with a distance of
18.8 cm from the target position. Besides the fact that
PRISMA was placed at the reaction’s grazing angle of
θlab = 50◦, the experimental setup, data acquisition,
and data analysis procedure are similar to the above-
mentioned experiment in Sec. II A. Moreover, TKEL val-
ues are reconstructed similarly to the procedure in the
136Xe + 238U experiment, however, in this case, MNT
is the predominant reaction pathway. Consequently, the
TKEL is shared only between the two reaction products
and the excitation energy of both reaction products is
directly reflected in the TKEL distribution. Moreover,
random background from fission is drastically reduced
in this experiment. More details on the setup and data
analysis are given in Refs. [26, 27]. The gated singles γ-
ray spectrum and the corresponding gate on 130I are de-
picted in Figs. 2(b) and (d), respectively. The spectrum
supports the existence of the new lines in 130I, identified
in the 136Xe + 238U experiment. Transitions at γ-ray en-
ergies of 135, 206, 341, 397, 422, 444, 557, 588, 607, 692,
749, 846, 922, 971 keV are coherently observed in both
MNT experiments. On the other hand, the 177, 467,
630, 849, 914-keV transitions are solely observed in the
136Xe + 208Pb experiment. Relative intensities I1

γ from
the 136Xe + 208Pb experiment are summarized in Tab. I.
As expected from the 136Xe + 238U experiment, the 749-
keV transition exhibits by far the largest intensity, which
supports the assumption that it is placed on top of the
band head.

The total excitation energy can be restricted by gating
on the TKEL. A gate on small TKEL values can select re-
action products which are less excited in energy and spin,
while a gate on high TKEL values favors the population
of higher-excited reaction products [17, 18]. Figures 2(i)
and (j) show γ-ray spectra with gates on low and high
TKEL values, respectively. Corresponding gates in the
TKEL spectra are depicted in Figs. 2(k) and (l). The γ-
ray spectrum gated on low TKEL values is dominated by
the 749-keV transition which is in agreement with the ob-
servation of a relatively strong 749-keV transition in the
transfer channel of the 136Xe + 238U experiment. Other
transitions are located at 177, 268, 588, 692, and 922 keV.
The peak content of the 749-keV transition exceeds the
one of the second largest peak at 922 keV by a factor
of approx. 5. This factor reduces to approx. 3.5 for the
spectrum gated on high TKEL values. Moreover, other
lines at 341, 397, 444, 914, and 971 keV emerge in the
spectrum gated on high TKEL values, corroborating that
these transitions are members of the high-spin structure,
which supports the observation of the fission γ-ray spec-
trum in the 136Xe + 238U experiment.

C. 11B + 124Sn fusion evaporation

The construction of the level scheme of 130I is finally
based on the identification of the new transitions in the
AGATA experiments and a complementary analysis of
the 124Sn(9Be, p2n)130I proton-gated γγ matrix. The
extended and modified level scheme from this work is
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presented in Fig. 4. A 40-MeV 9Be beam, delivered by
the FN Tandem accelerator located at the Institute for
Nuclear Physics, University of Cologne, impinged onto
a 1.5-mg/cm2 thick 124Sn target which was evaporated
onto a 1.9-mg/cm2 181Ta backing. The thickness of the
backing was chosen in such a way that all residual re-
action products are stopped inside the backing and the
amount of backscattered beam-particles is minimized. γ
rays from excited states were measured employing two
individual detector rings, equipped with six HPGe detec-
tors at Θ1 = 45◦ and five HPGe detectors at Θ1 = 143◦

with respect to the beam axis. The relative cross sec-
tion of approx. 1% for the population of 130I is superim-
posed by the dominating 129,130Xe neutron evaporation
channels with several hundred millibarns. A detection
of evaporated charged particles is imperative to enhance
the peak-to-background ratio for the p2n channel 130I in
the γ-ray spectrum. For this reason, evaporated charged
particles were detected with an approx. 110-µm thick sili-
con detector mounted at backward angels with respect to
the beam axis. Target and silicon detector were housed
inside the Cologne plunger device [28]. The Si detec-
tor was shielded against backscattered beam particles by
a 35-µm thick tantalum sheet. The thickness of the Ta
sheet was deliberately chosen to stop backscattered beam
particles and evaporated α particles inside the foil, while
evaporated protons could reach the Si detector disk.

Coincident events were processed and recorded uti-
lizing the synchronized 80-MHz XIA® Digital Gamma
Finder (DGF) data-acquisition system and stored to disk.
The data were analysed offline using the soco-v2 [29]
and tv [30] codes. Events were sorted into (i) a general
symmetrized two-dimensional matrix to study γγ coinci-
dence relations, (ii) a three-dimensional cube for DSSSD-
Ge-Ge coincidences, and (iii) a proton-γ-time cube. A
total number of 1.5× 1010 prompt γγ events and 3× 106

proton-gated γγ events were recorded. The projection
of the ungated γγ matrix is presented in Fig. 3(a). The
major transitions originate from the main (9Be, xnyα)
reaction channels 129,130Xe and 126,127Te. Transitions
from 182Ta stem from the 181Ta(9Be,8Be)182Ta neutron-
transfer reaction [31] in the tantalum foil in front of
the Si detector and the tantalum backing of the target.
Identified transitions from both AGATA MNT experi-
ments (c.f. Sec. IIA and IIB) are not observed in the un-
gated projection. By setting a gate on Si energies above
100 keV, transitions assigned to the proton evaporation
channels 129I and 130I are clearly visible in the projection
of the proton-gated γγ matrix in Fig. 3(b). In addition,
x-ray transitions of tin at 25.2 and 28.5 keV emerge in
the gated projection. α particles from the decay of 8Be
could also reach the Si detector, explaining the strong
peaks from 182Ta. The analysis of the well-established
129I level scheme shows transitions up to the Jπ = 23/2+

state at 2.6 MeV [32]. Moreover, candidates for transi-
tions in 130I at 692, 749, 922, and 971 keV are obviously
visible well above the background in the proton-gated
γγ-projection.

130I

T1/2

254(4) ns
315(15) ns
133(7) ns

(a)

(b)

Figure 4. (a) Known low-spin level scheme of 130I with the
isomeric Jπ = 6−

1,2 and 8− candidates for the high-spin band
head [10] (see text for details). (b) High-spin level scheme of
130I. The width of the arrows are proportional to the intensi-
ties above the (69.5+x) state, extracted from the 9Be+124Sn
experiment and normalized to the 749-keV transition.

As mentioned in the introduction in Sec. I, the most
promising candidate for the band head of the high-spin
structure is the Jπ = 8− isomer at 82.4 keV. However,
also yrast and yrare Jπ = 6−

1,2 isomers are located at
very similar energies. The arrangement of these states, as
proposed by Ref. [10], is displayed in Fig. 4(a). Prompt-
delayed coincidences between Si and HPGe detectors
are exploited to connect the new transitions with the
known level scheme of 130I. Events in the Si detector are
prompt with respect to the production of 130I. Figure 5(a)
presents the delayed γ-ray spectrum gated on prompt Si
events with a gap of 225 ns. The spectrum at low ener-
gies is dominated by the x-ray transitions of Sn and Ta.
The efficiency-corrected ratio between Kβ and Kα x-ray
transitions of Ta is measured to be 0.29(3) in the prompt
proton-gated projection in Fig. 3(b), which is in accor-
dance with the literature value of Kβ/Kα = 0.26 [33]. In
the delayed γ-ray spectrum in Fig. 5(a), the intensity of
the Kβ x-ray transition is enhanced relative to the Kα

transition; both transitions yield nearly the same amount
of counts. This can be explained by the 69.5-keV γ-ray,
deexciting the Jπ = 6−

1 isomer in 130I, which is superim-
posed by the Kβ x-ray transition of Ta. Moreover, the
6−

2 → 5+ 85.1-keV transition is not visible in the delayed
spectrum. Consequently, it is assumed that the high-spin
structure decays through the Jπ = 6−

1 state. However, a
12.9-keV 8− → 6−

1 transition can not be observed in this
experiment due to the high internal conversion coefficient
and the energy thresholds of the HPGe detectors.
Figure 5(b) shows the time difference spectrum be-

tween Si detector and the 69.5-keV γ-ray. In addition,
a time-difference spectrum between Si detector and a
nearby γ-ray domain is plotted by a grey step func-
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tion. A distinct slope of the 69.5-keV γ-ray is visible
well above the residual background. A first analysis of
the decay curve of the 69.5-keV γ-ray indicates a con-
siderably longer half-life than expected solely from the
Jπ = 6−

1 state with T1/2 = 133(7) ns. Thus, the delayed
component of the Jπ = 8− state has to be taken into
account. However, a two-component fit can reproduce
the experimental half-life values only within the two σ
range. Most probably, the decay curve is influenced by
the strong walk effect of the data acquisition at low γ-ray
energies [34] and the nearby strong Kβ x-ray transition
of Ta. Consequently, the band head can not be uniquely
assigned. Since no other long-lived states are known in
130I, the extended and modified level scheme from this
work, presented in Fig. 4(b), is based on a band head at
an excitation energy of 69.5 + x keV, whereby x can by
restricted to 0 or 12.9 keV. However, an assignment based
on the Jπ = 8− state should be preferred according to
the measured time distribution in Fig. 4(b) and the sys-
tematics along the doubly-odd I chain (c.f. Sec. IIIA).

Various γγ-coincidence spectra from the 9Be + 124Sn
experiment are shown in Figs. 5(c)-(g). Intensities (I2

γ)
of the coincident γ rays from the fusion-evaporation ex-
periment are summarized in the right-hand side of Tab. I.
In accordance with the measured intensity relations from
the 136Xe + 208Pb and 9Be + 124Sn experiments, the 749-
keV transition has to be placed on top of the band-head
at 69.5 + x keV, forming a new state at 818.3 + x keV.
Figure 5(c) presents the γ-ray spectrum with a gate on
the 749-keV transition. Coincidences are marked with
labels. Peaks at 56, 135, 341, 397, 444, 509, 588, 692,
922, 971, and 1092 keV, observed in both AGATA ex-
periments, are coincident to the 749-keV transition. The
intensity of the 692-keV peak in the γγ-coincidence spec-
trum exceeds those of the other lines, corroborating a
new state at 1510.6 +x keV. The 341, 397, 444, and 749-
keV transitions are also observed to be in coincidence
with the 692-keV transition (c.f. Fig. 5(d)). The coinci-
dence spectrum gated on the 397-keV transition is shown
in Fig. 5(e). The spectrum exhibits anticipated coin-
cidences at 444, 692, and 749 keV. The absence of the
341-keV transition in the spectrum requires the 397-keV
transition to be placed parallel to this transition. More-
over, the 444-keV transition is in coincidence with both
the 341-, and 397-keV transitions, requiring a new state
at 1907 + x keV. The placement of the 341, 397, 444-keV
transitions above the 692-keV transition is further sup-
ported by the presence of these transitions in the gated
fission spectrum (cf. Fig. 2(f)) and in the spectrum gated
on high TKEL values (cf. Fig. 2(j)). Moreover, all tran-
sitions, except of the 692-keV transition, are absent af-
ter gating on transfer-like events (cf. Fig. 2(e)) and low
TKEL values (cf. Fig. 2(i)).

A gate on the 588-keV transition is shown in Fig. 5(f).
Since the 334-, and 509-keV transitions are not mutu-
ally coincident, both transitions are arranged to feed the
newly established state at 1406.1 + x keV. The spectrum
gated on the 922-keV transition (cf. Fig. 5(g)) reveals
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Figure 5. (a) Delayed γ-ray spectrum gated on prompt events
in Si detector. (b) Time spectrum between events in the Si
detector and the 69.5-keV γ-ray transition in the HPGe detec-
tors. The grey step function shows a prompt time spectrum.
Prompt 9Be+124Sn proton-gated γγ-coincidence spectra with
γ-ray gates on (c) 749, (d) 692, (e) 397, (f) 588, and (g)
922 keV. Coincidences are highlighted by energy labels.

clear coincidences with the 135-, 749-, and 971-keV tran-
sitions. The ordering of the 135- and 971-keV transitions
is tentative since the intensities are equal within their
uncertainties in both experiments (see Tab. I). However,
a placement of the 135-keV transition at the head of
this band is slightly favored. The ordering of the 922-
and 971-keV transitions agrees with the intensity bal-
ance measured in the γγ projection gated on the 749-
keV transition as well as with the AGATA measurement.
In addition, the proposed 971-922-keV cascade is sup-
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ported by the absence of the 971-keV transition in the
spectrum gated on low TKEL values (cf. Fig. 2(i)),
while the 922-keV transition still remains in the spec-
trum. Moreover, the 922-keV γ-ray corresponds to the
sum energy of the 334-588-keV cascade. Therefore, we
assume that both decay pathways deexcite the new state
at 1740.2 + x keV. The maximum excitation energy of
2846.7 + x keV in 130I is consistent with the observed
maximum excitation energy of 2.6 MeV in the 129I chan-
nel, whose level scheme is well established from a study
of the 7Li + 124Sn reaction [32]. The geometry of the
HPGe array prohibits angular-distribution and angular-
correlation measurements. Possible spin and parity as-
signments are discussed in Sec. III. A placement of unas-
signed γ-ray transitions observed in both AGATA exper-
iments and listed in Tab. I within the level scheme is not
feasible since these experiments did not yield reliable γγ
coincidences.

III. DISCUSSION

A. Systematics along iodine isotopic chain

Negative-parity states based on the Jπ = 8− isomer
with a πg7/2 ⊗ νh11/2 2-QP configuration were reported
to be strongly populated in the doubly-odd 122−134I iso-
topes [1–4]. The configuration originates from the cou-
pling of the Jπ = 11/2− high-spin band-head of the
odd-mass Xe isotopes with a νh11/2 configuration and
the Jπ = 7/2+ high-spin band-head of odd-mass iodine
based on the πg7/2 configuration [1]. Consequently, we
propose that the πg7/2 ⊗ νh11/2 band is strongly popu-
lated via the 124Sn(9Be, p2n)130I reaction. Figure 6(a)
shows the evolution of negative-parity yrast-band states
based on the Jπ = 8− isomer along odd-odd Z = 53 iso-
topes. The level energies are normalized to the energy of
the Jπ = 8− isomer. A gradually increasing level spac-
ing is observed towards the N = 82 shell closure. This
trend was already interpreted as a decreasing collectiv-
ity from lighter to heavier iodine isotopes [3, 6]. The
observation of many parallel decay branches feeding the
state at 818 + x keV further emphasises the decreasing
collectivity and the gradual change to a vibration-like
structure of this band towards the N = 82 shell closure.
The newly established state at 818+x keV in 130I reason-
ably matches the evolution of excitation energies of the
Jπ = 10− states. A Jπ = 9− assignment would disrupt
the smooth evolution of Jπ = 9− states since the en-
ergy gap between Jπ = 8− and 9− states in 128I is only
411 keV. The unobserved yrast Jπ = 9− state is most
probably fed by the Jπ = 10− state, however, according
to the analysis of the 9Be + 124Sn experiment (Sec. II C),
the branching can be estimated to be less than 8 % rel-
ative to the 10− → 8− transition. This value is sup-
ported by a similar estimation in 134I, whereby a value
of 3.3 % was found for the same branching [2]. Moreover,
Jπ = 11−, 12−, and 13− assignments for the 1511 + x,
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Figure 6. (a) Systematics of excited states in the πg7/2 ⊗
νh11/2 bands in even-mass 122−134I, normalized to the en-
ergy of the Jπ = 8− state. The energy of the Jπ = 8−

state is given by text labels. (b) Systematics of Jπ = 10+

states with πh11/2⊗νh11/2 configuration in even-mass 118−130I
and Jπ = 11/2− states with πh11/2 and νh11/2 configuration
in odd-mass 117−129I and 119−131Xe, respectively. The en-
ergy difference between Jπ = 11/2− and Jπ = 10+ states
is highlighted with text labels. Data taken from Refs. [1–
4, 32, 35, 36].

1907 + x, and 2351 + x states fit into the systematics of
increasing excitation energies towards 134I.
Similar to the πg7/2 ⊗ νh11/2 2-QP bands, πh11/2 ⊗

νh11/2 2-QP bands based on Jπ = 10+ states were
coherently reported along the doubly-odd I chain [1–
4, 37]. These bands are interpreted as couplings between
Jπ = 11/2− states with proton and neutron h11/2 con-
figurations in neighboring odd-mass I and Xe isotopes,
respectively. Such a band was first identified in 116I
by Paul et al. [5]. In contrast to such lighter iodine
systems in which a rotational-like structure is built on
the Jπ = 10+ states, a vibrational-like structure domi-
nates for 128I [2, 3, 37]. Figure 6(b) shows the system-
atics of excitation energies for the Jπ = 10+ states with
πh11/2 ⊗ νh11/2 configuration from 118I to 130I. More-
over, similar data on Jπ = 11/2− states in neighbouring
odd-A I and Xe isotopes are displayed. Obviously, the
increasing trend of the Jπ = 10+ states can be traced
back to the increasing energy of the Jπ = 11/2− states
in neighboring iodine isotopes, while the excitation en-
ergy of the Jπ = 11/2− states in Xe isotopes remains
nearly constant. As depicted in Fig. 6(b), the energy
gap between the Jπ = 10+ and 11/2− states varies only
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slightly within 121 keV from 118I to 128I. It is reasonable
to assume that this energy gap remains constant in 130I.
The corresponding Jπ = 11/2− state in 129I is located
at 1402 keV. Consequently, a Jπ = 10+ assignment for
the 1740 + x-keV state in 130I is most appropriate, since
the corresponding energy gap of 339+x keV matches the
continuing systematics best.

B. Shell-model calculations

The extended high-spin level scheme of 130I is com-
pared to four shell-model calculations carried out in
an untruncated 50 ≤ Z, N ≤ 82 gdsh valence space.
The single-particle space is generated by the valence
nucleons occupying the 0g7/2, 1d5/2, 1d3/2, 2s1/2, and
0h11/2 orbitals, outside doubly-magic 100Sn. The calcu-
lations were carried out employing the shell-model code
NuShellX@Msu [38] and the massive-parallelization
code kshell [39].

The first calculation is conducted with the effective in-
teraction GCN50:82 [40, 41]. The interaction is derived
from a realistic G matrix based on the CD-Bonn poten-
tial [42]. Empirical monopole corrections to the original
G matrix were introduced by fitting different combina-
tions of two-body matrix elements to sets of experimental
excitation energies from even-even and even-odd semi-
magic nuclei.

The second calculation is carried out with the jj55pn
Hamiltonian (referred to as the SN100PN interac-
tion) [43]. The Hamiltonian consists of four terms de-
scribing the neutron-neutron, neutron-proton, proton-
proton, and Coulomb repulsion between the protons in-
dividually. A renormalized G matrix derived from the
CD-Bonn interaction [42] was employed to construct the
realistic two-body residual interaction. The proton and
neutron single-particle energies are based on the energy
levels in 133Sb and 131Sn.

Another calculation is performed in the framework of
the realistic shell model [44, 45], denoted as Realistic
SM. Single-particle energies and a two-body effective in-
teraction are determined from the established CD-Bonn
free nucleon-nucleon potential [42] using the Vlow-k ap-
proach with a cutoff momentum of Λ = 2.6 fm−1, plus
the Coulomb force for protons. The effective shell-model
Hamiltonian is derived iteratively by means of the many-
body perturbation theory in the Q̂-box folded diagram
expansion, including all diagrams up to third order in
the interaction. More details can be found in Ref. [46].

The last calculation is conducted in the framework of
the extended pairing plus quadrupole-quadrupole force
model with monopole corrections (EPQQM) [47–50].
Single-particle energies (SPEs) were adopted from the
experimental excited states of 133Sb (proton SPEs) and
131Sn (neutron SPEs).

Figure 7 compares the experimentally determined en-
ergies of levels in 130I (Fig. 7(a) and (d)) with the re-
sults of the (b) GCN50:82, (c) SN100PN, (e) Realistic

Table II. The strongest components (≥ 5 %) of the wave func-
tion of yrast states in 130I. Calculations were performed with
the GCN50:82 interaction.

Jπ Configuration Probability
8−

1 πg3
7/2 ⊗ νh−1

11/2 14 %
π(g1

7/2d
2
5/2) ⊗ νh−1

11/2 6 %
10−

1 πg3
7/2 ⊗ ν(h−1

11/2s
−1
1/2d

−1
3/2) 5 %

πg3
7/2 ⊗ νh−1

11/2 14 %
11−

1 π(g2
7/2d

1
5/2) ⊗ νh−1

11/2 17 %
12−

1 π(g2
7/2d

1
5/2) ⊗ νh−1

11/2 39 %
13−

1 π(g2
7/2d

1
5/2) ⊗ νh−1

11/2 35 %
10+

1 πh1
11/2g

2
7/2 ⊗ νh−1

11/2 27 %

SM, and (f) EPQQM interactions. The angular mo-
mentum of the Jπ = 5+ ground state is not repro-
duced by any interaction. Instead, the first Jπ = 8−

state with a πg7/2 ⊗ νh11/2 configuration [10] is pre-
dicted as the ground state by the SN100PN, Realistic
SM, and EPQQM interactions, while the GCN50:82 in-
teraction computes the excitation energy of this state to
93 keV, which is in good agreement with the experimen-
tally determined value of 82 keV. The excitation energies
of the hitherto known first and second excited low-lying
Jπ = 6− states are fairly reproduced by all four calcu-
lations. As pointed out in Sec. IIIA, a Jπ = 10− as-
signment for the state at 818 + x keV is preferred rather
than a Jπ = 9− assignment according to systematics.
In the calculations, Jπ = 10− states are coherently pre-
dicted at significantly higher energies than the Jπ = 9−

states. The different shell-model calculations locate the
Jπ = 10− state at energies of 930 (GCN50:82), 737
(SN100PN), 861 (Realistic SM), and 642 keV (EPQQM).
Accordingly, a Jπ = 10− assignment for this state is
proposed, based on these theoretical findings. Assum-
ing a proceeding negative-parity character of the 692-
397-444-keV cascade, the states at 1511 + x, 1907 + x,
and 2351 + x keV can be interpreted as Jπ = 11−, 12−,
and 13− states, respectively. In the calculations, this se-
quence of γ-ray transitions is predicted as 589-267-558
(GCN50:82), 440-449-330 (SN100PN), 483-419-348 (Re-
alistic SM), and 210-556-159 (EPQQM), where only the
GCN50:82 interaction reaches a reasonable agreement.
A positive-parity Jπ = 10+ assignment can most likely
be attributed to the state at 1740 + x keV, which is in
line with systematics (see Sec. IIIA). The calculations
are in good accordance with predicted energies of 1844
(GCN50:82), 1530 (SN100PN), 1731 (Realistic SM), and
1769 keV (EPQQM), which further enforces this assign-
ment.
The shell-model results provide a more detailed in-

sight into the structure of states above the Jπ = 8−

isomer. Prior to this work, Coraggio et al. reported on a
shell-model study of the doubly-odd 134I isotope [7]. To
our knowledge, these are the only realistic shell-model
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Figure 7. Comparison of experimental energy spectra of 130I with the results of four shell-model calculations. (a) and (d)
Experimental energy spectra are shown in the left panels. The results obtained with the different interactions are separated
in different panels: (b) GCN50:82, (c) SN100PN, (e) Realistic SM, and (f) EPQQM. For clarity, the states are separated into
columns for yrast and yrare states with negative and positive parity. Theoretical candidates for spin and parity assignments
are highlighted with bold font.

calculations for iodine nuclei (A < 135) to date. The
group used a realistic shell-model calculation to assign
spins and parities and to interpret high-spin states of
134I [2, 7]. The Jπ = 10−, 11−, 12−, and 14− states
in 134I yield predominantly single-particle configurations
with a neutron-hole νh−1

11/2 configuration coupled to the
three protons in (g7/2)3 or (g7/2)2d5/2 configurations.

A detailed decomposition of the Jπ = 10+, 8−, 9−,

10−, 11−, 12− and 13− states in 130I into their proton and
neutron configurations computed by the GCN50:82 inter-
action is presented in Tab. II. Obviously, the negative-
parity states are build on the neutron-hole νh−1

11/2 con-
figuration coupled to the three protons distributed over
the g7/2 and d5/2 orbitals. While the three protons are
arranged in the πg3

7/2 configuration for the Jπ = 8−

and 10− states, the πg2
7/2d

1
5/2 configuration is pivotal for
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higher-lying states. Although more fragmented in 130I,
the leading configurations of the negative-parity states
mirror those calculated for 134I [7]. For the positive-
parity Jπ = 10+ state in 130I, one proton is predomi-
nantly occupying the πh1

11/2 configuration, whereby the
neutron hole is in the νh−1

11/2 configuration.
The structure of the states is also scrutinized via a

detailed decomposition of the total angular momentum
I = Iπ ⊗ Iν into its proton and neutron components vi-
sualized in Figs. 8(a)-(f), computed by the GCN50:82 in-
teraction. The interaction predicts the Jπ = 8− state to
predominantly have π 7/2+⊗ν 11/2− spin configuration,
whereby a proton pair in the πg3

7/2 and π(g1
7/2d

2
5/2) con-

figurations is coupled to I = 0. A rearrangement of the
neutron-spin configuration is observed for the Jπ = 10−

and 11− states, where a proton spin of π 7/2+ is mainly
coupled to a neutron spin of ν 15/2−, originating from
a fully-stretched ν(h−1

11/2s
−1
1/2d

−1
3/2) neutron configuration.

Going to the Jπ = 12− and 13− states, the fully aligned
π 17/2− spin of the proton π(g2

7/2d
1
5/2) configuration is

mainly coupled to ν 11/2− neutron spin components.
Finally, in the Jπ = 10+ state with the predominant
π(h1

11/2g
2
7/2)⊗ νh−1

11/2 configuration, both protons in the
g7/2 orbital are mainly paired to spin zero.

IV. SUMMARY AND OUTLOOK

In summary, as a result of the combined analysis
of three independent spectroscopic measurements, high-
spin states in 130I were established up to an excitation
energy of 2847 + x keV, incorporating twelve new states.
Prior to this work, only single-particle and low-spin states
up to 1 MeV and spin I ≤ 8~ were reported for 130I. For
the new states, tentative spin-parity assignment were dis-
cussed which are backed by systematics along the Z = 53
chain. Most likely, the new high-spin structure is built on
the Jπ = 8− isomer with a πg3

7/2⊗νh−1
11/2 configuration at

82.4 keV excitation energy. The new states close the gap
along the doubly-odd I chain towards the recently inves-
tigated 134I. The level structure above the Jπ = (10−)
state at 818 + x keV strongly mirrors the excitation pat-
tern observed in 134I which is dominated by strong single-
particle excitations, emphasizing the transitional char-
acter of 130I. Shell-model calculations with four interac-
tions are in general in line with the experimental findings
and affirm most of the assignments. A detailed inspec-
tion of the evolution of proton-, and neutron-spin and
configuration decompositions of the new states corrobo-
rate that the negative-parity states are members of the
πg7/2/d5/2 ⊗ νh11/2 configuration.
Despite the new results on 130I from this article, the

high-spin structure along doubly-odd I isotopes towards
134I is still pending information on 132I (see Fig. 1). To
date, information on excited states is limited to β-decay
spectroscopy. Several up to now unknown lines appear
in the gated γ-ray spectra of 132I from our MNT ex-
periments, presented in Secs. II A and IIB. In future,
dedicated MNT or fission reactions will allow for a more
detailed analysis of 132I.

ACKNOWLEDGMENTS

We thank the IKP FN Tandem accelerator team for
the support during the experiment. The research lead-
ing to these results has received funding from the Ger-
man BMBF under contract No. 05P15PKFN9 TP1 and
05P18PKFN9 TP1, from the European Union Seventh
Framework Programme FP7/2007-2013 under Grant
Agreement No. 262010 - ENSAR, from the Spanish Min-
isterio de Ciencia e Innovación under contract FPA2011-
29854-C04, from the Spanish Ministerio de Economía y
Competitividad under contract FPA2014-57196-C5, and
from the U.K. Science and Technology Facilities Coun-
cil (STFC). One of the authors (A. Gadea) has been
supported by the Generalitat Valenciana, Spain, under
the grant PROMETEOII/2014/019 and EU under the
FEDER program.



12

[1] “Evaluated Nuclear Structure Data File (ENSDF)
and XUNDL, (August 2019 Version) continuously
updated data files (NNDC, Brookhaven NY),”
http://www.nndc.bnl.gov/ensdf/.

[2] S. H. Liu, J. H. Hamilton, A. V. Ramayya, J. K. Hwang,
A. V. Daniel, G. M. Ter-Akopian, Y. X. Luo, J. O. Ras-
mussen, S. J. Zhu, and W. C. Ma, “Identification of high
spin states in 134I from 252Cf fission,” Phys. Rev. C 79,
067303 (2009).

[3] B. Ding, H. X. Wang, H. Jiang, Y. H. Zhang, X. H.
Zhou, Y. M. Zhao, S. T. Wang, M. L. Liu, G. S. Li,
Y. Zheng, N. T. Zhang, H. B. Zhou, Y. J. Ma, Y. Sasakiz,
K. Yamada, H. Ohshima, S. Yokose, M. Ishizuka, T. Ko-
matsubara, and K. Furuno, “High-spin level scheme of
doubly odd 128I,” Phys. Rev. C 86, 034302 (2012).

[4] Y. Zheng, L. H. Zhu, X. G. Wu, Z. C. Gao, C. Y. He,
G. S. Li, L. L. Wang, Y. S. Chen, Y. Sun, X. Hao, Y. Liu,
X. Q. Li, B. Pan, Y. J. Ma, Z. Y. Li, and H. B. Ding,
“Abnormal signature inversion and multiple alignments
in doubly odd 126I,” Phys. Rev. C 86, 014320 (2012).

[5] E. S. Paul, D. B. Fossan, K. Hauschild, I. M. Hibbert,
H. Schnare, J. M. Sears, I. Thorslund, R. Wadsworth,
A. N. Wilson, and J. N. Wilson, “Evidence for the
πh11/2 ⊗ νh11/2 configuration in doubly odd 116I,” J.
Phys. G 21, 995–999 (1995).

[6] E. S. Paul, H. R. Andrews, T. E. Drake, J. DeGraaf,
V. P. Janzen, S. Pilotte, D. C. Radford, and D. Ward,
“High-spin states in doubly odd 114I,” Phys. Rev. C 52,
1691–1693 (1995).

[7] L. Coraggio, A. Covello, A. Gargano, and N. Itaco,
“Shell-model interpretation of high-spin states in 134I,”
Phys. Rev. C 80, 061303 (2009).

[8] H. L. Garvin, T. M. Green, and E. Lipworth, “Nuclear
spin of 12.6-hour iodine-130,” Phys. Rev. Lett. 1, 292–
293 (1958).

[9] D. Bloch, G-Factor-Messungen an Isomeren Zuständen
in 126I und 130I, sowie Vorschläge für Niveauschemas
dieser Kerne im Niederenergiebereich, Ph.D. thesis,
Fredrich-Alexander Univ., Erlangen-Nurnberg (1975).

[10] S. L. Sakharov, I. A. Kondurov, Yu. E. Loginov, V. V.
Martynov, A. A. Rodionov, P. A. Sushkov, Yu. L. Kha-
zov, A. I. Egorov, V. K. Isupov, H. G. Börner, F. Hoyler,
S. Kerr, K. Schreckenbach, G. Hlawatsch, T. Von Egidy,
and H. Lindner, “Low-lying 130I excited states from the
(n, γ) reaction,” Nucl. Phys. A 494, 36 – 74 (1989).

[11] E. G. Kessler, M. S. Dewey, R. D. Deslattes, A. Henins,
H. G. Börner, M. Jentschel, and H. Lehmann, “The
GAMS4 flat crystal facility,” Nucl. Instrum. Meth. Phys.
Res. A 457, 187 – 202 (2001).

[12] W. Mampe, K. Schreckenbach, P. Jeuch, B. P. K. Maier,
F. Braumandl, J. Larysz, and T. von Egidy, “The double
focusing iron-core electron-spectrometer BILL for high
resolution (n, e−) measurements at the high flux reactor
in grenoble,” Nucl. Instrum. Meth. 154, 127 – 149 (1978).

[13] K. S. Akhnazarov, B. A. Emelianov, D. M. Kaminker,
Yu. L. Khazov, and S. L. Sakharov, “Supressing back-
ground and increasing luminosity of a β-spectrometer of
internal target type for an investigation of the (n, e) re-
action,” Nucl. Instrum. Meth. 138, 299 – 305 (1976).

[14] M. Löffler, H. J. Scheerer, and H. Vonach, “The ion op-
tical properties of the munich Q3D-spectrograph inves-

tigated by means of a special experimental ray tracing
method,” Nucl. Instrum. Meth. 111, 1 – 12 (1973).

[15] S. Akkoyun et al., “AGATA – Advanced GAmma Track-
ing Array,” Nucl. Instrum. Meth. Phys. Res. A 668, 26
(2012).

[16] A. M. Stefanini, L. Corradi, G. Maron, A. Pisent,
M. Trotta, A. M. Vinodkumar, S. Beghini, G. Montag-
noli, F. Scarlassara, G. F. Segato, A. De Rosa, G. In-
glima, D. Pierroutsakou, M. Romoli, M. Sandoli, G. Pol-
larolo, and A. Latina, “The heavy-ion magnetic spec-
trometer PRISMA,” Nucl. Phys. A 701, 217 – 221 (2002).

[17] S. Szilner, C. A. Ur, L. Corradi, N. Marginean, G. Pol-
larolo, A. M. Stefanini, S. Beghini, B. R. Behera,
E. Fioretto, A. Gadea, B. Guiot, A. Latina, P. Mason,
G. Montagnoli, F. Scarlassara, M. Trotta, G. de Angelis,
F. Della Vedova, E. Farnea, F. Haas, S. Lenzi, S. Lunardi,
R. Marginean, R. Menegazzo, D. R. Napoli, M. Nespolo,
I. V. Pokrovsky, F. Recchia, M. Romoli, M.-D. Salsac,
N. Soić, and J. J. Valiente-Dobón, “Multinucleon trans-
fer reactions in closed-shell nuclei,” Phys. Rev. C 76,
024604 (2007).

[18] L. Corradi, S. Szilner, G. Pollarolo, D. Montanari,
E. Fioretto, A.M. Stefanini, J. J. Valiente-Dobón,
E. Farnea, C. Michelagnoli, G. Montagnoli, F. Scarlas-
sara, C.A. Ur, T. Mijatović, D. J. Malenica, N. Soić, and
F. Haas, “Multinucleon transfer reactions: Present sta-
tus and perspectives,” Nucl. Instrum. Meth. Phys. Res.
B 317, Part B, 743 – 751 (2013).

[19] A. Vogt, B. Birkenbach, P. Reiter, L. Corradi, T. Mija-
tović, D. Montanari, S. Szilner, D. Bazzacco, M. Bowry,
A. Bracco, B. Bruyneel, F. C. L. Crespi, G. de Ange-
lis, P. Désesquelles, J. Eberth, E. Farnea, E. Fioretto,
A. Gadea, K. Geibel, A. Gengelbach, A. Giaz, A. Gör-
gen, A. Gottardo, J. Grebosz, H. Hess, P. R. John,
J. Jolie, D. S. Judson, A. Jungclaus, W. Korten, S. Leoni,
S. Lunardi, R. Menegazzo, D. Mengoni, C. Michelagnoli,
G. Montagnoli, D. Napoli, L. Pellegri, G. Pollarolo,
A. Pullia, B. Quintana, F. Radeck, F. Recchia, D. Rosso,
E. Şahin, M. D. Salsac, F. Scarlassara, P.-A. Söderström,
A. M. Stefanini, T. Steinbach, O. Stezowski, B. Szpak,
Ch. Theisen, C. Ur, J. J. Valiente-Dobón, V. Vandone,
and A. Wiens, “Light and heavy transfer products in
136Xe+238U multinucleon transfer reactions,” Phys. Rev.
C 92, 024619 (2015).

[20] B. Bruyneel, B. Birkenbach, and P. Reiter, “Pulse shape
analysis and position determination in segmented HPGe
detectors: The AGATA detector library,” Eur. Phys. J.
A 52, 70 (2016).

[21] A. Lopez-Martens, K. Hauschild, A. Korichi, J. Roccaz,
and J-P. Thibaud, “γ-ray tracking algorithms: a compar-
ison,” Nucl. Instrum. Meth. Phys. Res. A 533, 454 – 466
(2004).

[22] A. Gadea, E. Farnea, J. J. Valiente-Dobón, B. Million,
D. Mengoni, D. Bazzacco, F. Recchia, A. Dewald, Th.
Pissulla, W. Rother, G. de Angelis, et al., “Conceptual
design and infrastructure for the installation of the first
AGATA sub-array at LNL,” Nucl. Instrum. Meth. Phys.
Res. A 654, 88 – 96 (2011).

[23] A. Vogt, B. Birkenbach, P. Reiter, A. Blazhev, M. Si-
ciliano, J. J. Valiente-Dobón, C. Wheldon, D. Bazzacco,
M. Bowry, A. Bracco, B. Bruyneel, R. S. Chakrawarthy,



13

R. Chapman, D. Cline, L. Corradi, F. C. L. Crespi,
M. Cromaz, G. de Angelis, J. Eberth, P. Fallon,
E. Farnea, E. Fioretto, S. J. Freeman, A. Gadea,
K. Geibel, W. Gelletly, A. Gengelbach, A. Giaz, A. Gör-
gen, A. Gottardo, A. B. Hayes, H. Hess, H. Hua, P. R.
John, J. Jolie, A. Jungclaus, W. Korten, I. Y. Lee,
S. Leoni, X. Liang, S. Lunardi, A. O. Macchiavelli,
R. Menegazzo, D. Mengoni, C. Michelagnoli, T. Mija-
tović, G. Montagnoli, D. Montanari, D. Napoli, C. J.
Pearson, L. Pellegri, Zs. Podolyák, G. Pollarolo, A. Pul-
lia, F. Radeck, F. Recchia, P. H. Regan, E. Şahin,
F. Scarlassara, G. Sletten, J. F. Smith, P.-A. Söderström,
A. M. Stefanini, T. Steinbach, O. Stezowski, S. Szilner,
B. Szpak, R. Teng, C. Ur, V. Vandone, D. Ward, D. D.
Warner, A. Wiens, and C. Y. Wu, “High-spin structure
of 134Xe,” Phys. Rev. C 93, 054325 (2016).

[24] A. B. Brown, C. W. Snyder, W. A. Fowler, and C. C.
Lauritsen, “Excited states of the mirror nuclei, 7Li and
7Be,” Phys. Rev. 82, 159–181 (1951).

[25] A. Wiens, H. Hess, B. Birkenbach, B. Bruyneel,
J. Eberth, D. Lersch, G. Pascovici, P. Reiter, and H.-
G. Thomas, “The AGATA triple cluster detector,” Nucl.
Instrum. Meth. Phys. Res. A 618, 223 – 233 (2010).

[26] R. S. Kempley et al., “Cross Coincidences in the 136Xe
+ 208Pb deep-inelastic reaction,” Acta. Phys. Pol. B 42,
717–720 (2011).

[27] M. Siciliano et al., “Neutron-rich nuclei in the vicinity of
208Pb,” LNL Annual Report 2014 241, 63–64 (2015).

[28] A. Dewald, O. Möller, and P. Petkov, “Developing the
recoil distance doppler-shift technique towards a versatile
tool for lifetime measurements of excited nuclear states,”
Prog. Part. and Nucl. Phys. 67, 786 – 839 (2012).

[29] N. Saed-Samii, Lifetime measurements using the FA-
TIMA array in combination with EXOGAM@ILL,
Diploma thesis, Universität zu Köln (2013), unpublished.

[30] J. Theuerkauf, Ph.D. thesis, Universität zu Köln (1994).
[31] G. S. Li, Y. D. Fang, A. Diaz-Torres, M. L. Liu, N. T.

Zhang, X. H. Zhou, Y. H. Zhang, J. G. Wang, B. S. Gao,
Y. H. Qiang, S. Guo, S. C. Wang, Z. Y. Zhang, J. F.
Huang, K. L. Wang, Y. Zheng, and S. Mukherjee, “Iso-
mer yield ratios in 184Re from the 9Be +181 Ta reaction,”
Phys. Rev. C 99, 054617 (2019).

[32] D. Deleanu, D. L. Balabanski, Ts. Venkova, D. Bu-
curescu, N. Mărginean, E. Ganioğlu, Gh. C ăta Danil,
L. Atanasova, I. C ăta Danil, P. Detistov, D. Filipescu,
D. Ghiţă, T. Glodariu, M. Ivaşcu, R. Mărginean, C. Mi-
hai, A. Negret, S. Pascu, T. Sava, L. Stroe, G. Suliman,
and N. V. Zamfir, “Excited states in 129I,” Phys. Rev. C
87, 014329 (2013).

[33] James H. Scofield, “Exchange corrections of K x-ray
emission rates,” Phys. Rev. A 9, 1041–1049 (1974).

[34] M. Dewald, γ-Spektroskopie und Lebensdaueranalyse iso-
merer Zustände in 100Rh am Kölner Tandembeschleu-
niger, Master thesis, Universität zu Köln (2014), unpub-
lished.

[35] B. Ding, Y. H. Zhang, X. H. Zhou, G. X. Dong, F. R. Xu,
M. L. Liu, G. S. Li, N. T. Zhang, H. X. Wang, H. B. Zhou,
Y. J. Ma, Y. Sasakiz, K. Yamada, H. Ohshima, S. Yokose,
M. Ishizuka, T. Komatsubara, and K. Furuno, “High-
spin states in 127I,” Phys. Rev. C 85, 044306 (2012).

[36] P. Singh, S. Nag, A. K. Singh, I. Ragnarsson, H. Hü-
bel, A. Al-Khatib, P. Bringel, C. Engelhardt, A. Neußer-
Neffgen, G. B. Hagemann, C. R. Hansen, B. Herskind,
G. Sletten, A. Bracco, G. Benzoni, F. Camera, P. Fal-

lon, R. M. Clark, M. P. Carpenter, R. V. F. Janssens,
T. L. Khoo, T. Lauritsen, P. Chowdhury, and H. Amro,
“Highly deformed high-spin band in 125I,” Phys. Rev. C
84, 024316 (2011).

[37] C.-B. Moon, “Systematic features of the πh11/2νh11/2
bands in doubly-odd I,” J. Korean Phys. Soc. 44, 244–249
(2004).

[38] B. A. Brown and W. D. M. Rae, “The Shell-Model Code
NuShellX@MSU,” Nucl. Data Sheets 120, 115 – 118
(2014).

[39] N. Shimizu, “Nuclear shell-model code for massive paral-
lel computation, “KSHELL”,” (2013), arXiv:1310.5431
[nucl-ph].

[40] E. Caurier, F. Nowacki, A. Poves, and K. Sieja, “Collec-
tivity in the light xenon isotopes: A shell model study,”
Phys. Rev. C 82, 064304 (2010).

[41] E. Caurier, F. Nowacki, and A. Poves, “Shell model de-
scription of the ββ decay of 136Xe,” Phys. Lett. B 711,
62 – 64 (2012).

[42] R. Machleidt, F. Sammarruca, and Y. Song, “Nonlocal
nature of the nuclear force and its impact on nuclear
structure,” Phys. Rev. C 53, R1483–R1487 (1996).

[43] B. A. Brown, N. J. Stone, J. R. Stone, I. S. Towner, and
M. Hjorth-Jensen, “Magnetic moments of the 2+

1 states
around 132Sn,” Phys. Rev. C 71, 044317 (2005).

[44] L. Coraggio, A. Covello, A. Gargano, N. Itaco, and
T. T. S. Kuo, “Effective shell-model hamiltonians from
realistic nucleon-nucleon potentials within a perturbative
approach,” Annals of Physics 327, 2125 – 2151 (2012).

[45] L. Coraggio, A. Covello, A. Gargano, N. Itaco, and
T. T. S. Kuo, “Shell-model study of the N = 82 iso-
tonic chain with a realistic effective Hamiltonian,” Phys.
Rev. C 80, 044320 (2009).

[46] L. Coraggio, L. De Angelis, T. Fukui, A. Gargano, and
N. Itaco, “Calculation of gamow-teller and two-neutrino
double-β decay properties for 130Te and 136Xe with a
realistic nucleon-nucleon potential,” Phys. Rev. C 95,
064324 (2017).

[47] M. Hasegawa, K. Kaneko, and S. Tazaki, “Improve-
ment of the extended p+qq interaction by modifying the
monopole field,” Nucl. Phys. A 688, 765 – 788 (2001).

[48] K. Kaneko, M. Hasegawa, and T. Mizusaki, “Quadrupole
and octupole softness in the N = Z nucleus 64Ge,” Phys.
Rev. C 66, 051306 (2002).

[49] K. Kaneko, Y. Sun, M. Hasegawa, and T. Mizusaki,
“Shell model study of single-particle and collective struc-
ture in neutron-rich Cr isotopes,” Phys. Rev. C 78,
064312 (2008).

[50] K. Kaneko, Y. Sun, T. Mizusaki, and M. Hasegawa,
“Shell-model study for neutron-rich sd-shell nuclei,”
Phys. Rev. C 83, 014320 (2011).





| Summary

High-spin structure in the transitional nucleus 131Xe: Competitive

neutron and proton alignment in the vicinity of the N = 82 shell

closure

The nucleus 131Xe lies in a transitional region between spherical Sn and well-deformed Ce nuclei.

Moreover, the Xe chain shows rotational character in the lighter (A≤ 130) and shell-model character

in the heavier (A ≥ 132) isotopes. A new upbend along the (α = −1/2) negative-parity yrast

band at the position of the Jπ = 27/2− state was observed very recently in 129Xe [53]. The first

publication “High-spin structure in the transitional nucleus 131Xe: Competitive neutron and proton

alignment in the vicinity of the N = 82 shell closure” presents results on alignment properties in 131Xe

obtained from the combined analysis of the AGATA 136Xe+238U, 136Xe+208Pb MNT experiments, and

the HORUS 11B+124Sn fusion-evaporation experiment. The construction of the new level scheme

is based on the identification of the new transitions in the AGATA+PRISMA experiments and a

complementary analysis of the fusion-evaporation experiment at the HORUS γ-ray array. The new

HORUS+DSSSD setup enables precise gates on the elusive 131Xe channel [70]. As a main result

of the three measurements, the level scheme of 131Xe was extended up to an excitation energy of

5 MeV. A pronounced backbending along the negative-parity band on top of the one-quasiparticle

νh11/2(α = −1/2) band around ħhω = 0.4 MeV was identified. Angular-correlation measurements

were performed to determine the multipole character of the γ-ray transitions.

In past decades, the theoretical investigations of alignment properties were performed by means of

collective approaches like interacting boson model [50, 106, 107], mean-field methods [49, 108],

or the cranked-shell-model [53, 109]. In the present publication, the new experimental findings

were faced with results of modern large-scale shell-model calculations considering the PQM130,

SN100PN, GCN50:82, Realistic SM, and SN100-KTH interactions. It was demonstrated that the new

experimental findings, including the pronounced alignments in 129,131Xe, are well reproduced by the

different shell-model interactions. Moreover, truncated calculations in 129−132Xe, prohibiting more

than one proton in the πh11/2 orbital, were compared with each other. The comparison between the

different calculations revealed that the alignments in 129,131Xe can be microscopically traced back to

a pair of h11/2 protons, closing a gap in the alignment systematics along the Xe chain. Particularly,

calculated B(E2) transition strengths in the negative-parity band are reduced for transitions between

states were the alignment sets in. The outcomes of the work indicate that only interactions with

improved and corrected monopole parts, i.e. GCN50:82, can describe the experiment findings like

alignment and crossing frequency to its full extent.
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Millisecond 23/2+ isomers in the N = 79 isotones 133Xe and 135Ba

The publication “Millisecond 23/2+ isomers in the N = 79 isotones 133Xe and 135Ba” contributes to the

systematic investigation of Jπ = 23/2+ isomers along the N = 79 isotones [27, 30, 152]. In this work,

the AGATA 136Xe+208Pb MNT experiment was combined with a pulsed-beam experiment utilizing

a 9Be+130Te fusion-evaporation reaction at the HORUS spectrometer. Very recently, the 2107-keV

state in 133Xe was identified as a promising candidate for the Jπ = 23/2+ isomer [27]. Moreover, the

analysis of the AGATA 136Xe+208Pb MNT experiment indicates an isomeric Jπ = 23/2+ counterpart

at 2388-keV excitation energy in 135Ba . Prior to this work, only the β -slider technique [153] allowed

to investigate long-lived isomeric states in off-beam measurements at the FN tandem accelerator

of the University of Cologne. The commissioning of the pulsing system, which was placed at the

injection line of the FN tandem accelerator, was part of the preparation of the 9Be+130Te experiment.

Exploiting γ-time correlations with respect to the beam pulse, half-lives of 8.64(13) ms in 133Xe

and 1.06(4) ms in 135Ba were identified. The combined results of off-beam angular-correlation and

internal-conversion coefficient measurements for the 231- and 254-keV transitions confirmed the

spin/parity assignments of the 2107- and 2388-keV states in 133Xe and 135Ba, respectively. The small

multipole-mixing ratios indicate a dominant M2 character of the 231- and 254-keV transitions. The

experimental findings close a gap of Jπ = 23/2+ isomers along the N = 79 isotones. In addition,

two experiments utilizing the pulsed-beam and electronic fast-timing technique were carried out to

discover the anticipated Jπ = 23/2+ isomer in 137Ce. As a main result, precise picosecond lifetimes for

the Jπ = 21/2− state at 2490 keV and the Jπ = 23/2+ state at 3225 keV were determined. However,

no evidence for a long-lived Jπ = 23/2+ state in 137Ce was observed.

Experimentally determined B(M2) and B(E3) transition strengths were compared to shell-model

calculations employing the Realistic SM, GCN50:82, SN100PN, and SN100-KTH interactions. In

particular, calculated B(M2) values decently reproduce the measured transition strengths and predict

correctly the systematic evolution from 129Sn to 135Ba. A detailed inspection of initial and final

shell-model configurations indicate a dominant ν(h−2
11/2d−1

3/2) configuration for the Jπ = 23/2+ states

and a dominant ν(h−1
11/2πg2

7/2) configuration for the Jπ = 19/2− states. The isomeric character of the

Jπ = 23/2+ states can be traced back to the change of the neutron configuration content and the

required neutron spin transfer between initial and final states.

Identification of high-spin proton configurations in 136Ba and 137Ba

The level scheme of 136Ba above the Jπ = 10+ isomer was recently significantly extended employing

prompt-delayed correlations with the GAMMASPHERE array at Lawrence Berkeley National Laboratory

following a MNT reaction [24]. However, spin assignments for the new states were not in the scope

of that work. While the high-spin scheme of the lighter isotones 132Te and 134Xe are dominated by

high-energy (Eγ > 900 keV) 12+→ 10+ transitions, no reasonable candidate for the Jπ = 12+ state

in 136Ba had been identified. As a result of the combined analysis of the AGATA 136Xe+138U MNT
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experiment and three fusion-evaporation experiments at the HORUS spectrometer, the publication

“Identification of high-spin proton configurations in 136Ba and 137Ba” comprises revised and extended

level schemes of 136Ba and 137Ba. In particular, the ordering of the 144-1214-keV cascade in 136Ba

was reversed and nine new states and transitions were incorporated into the level scheme. Moreover,

exploiting γ-ray angular-distribution and γγ angular-correlation measurements, the 4920-keV state

was identified as the Jπ = 12+ state, while the positive-parity yrast band between Jπ = 10+ and

12+ states was found to be interrupted by a Jπ = 11− state in 136Ba. Using the same technique, the

3545-keV state in 137Ba was identified as the bandhead of the positive-parity band. The identification

of the high-spin states refined the knowledge of high-spin structures in N = 80 and 81 isotones.

The experimental findings were compared to the results of untruncated large-scale shell-model

calculations using the gdsh valence space for protons and neutrons. As a result of the GCN50:82

interaction, the Jπ = 10+ isomeric state was assigned to an almost pure νh−2
11/2 neutron configuration,

while the Jπ = 12+ state was identified as a fully aligned π(g4
7/2d2

5/2) proton spin configuration.

Moreover, the Jπ = 11− state was associated with a neutron character, corroborating the interruption

of the positive-parity band. A continuation via a νh−2
11/2 configuration is energetically favorable over a

direct 12+→ 10+ decay. Calculated B(E2; 12+→ 10+) values in 134Xe and 136Ba follow the observed

decay pattern in both nuclei. However, SN100PN is not able to reproduce the nuclear-structure

change of positive-parity states between Z = 54 and 56, most likely attributable to the deficient

monopole part of the interaction. A comparison between calculated configurations of positive-parity

states in 136Ba and 137Ba drive the interpretation of the Jπ = 21/2+ state in even-odd 137Ba as the

coupling of a valence neutron to the Jπ = 12+ state in even-even 136Ba.

Isomer spectroscopy in 133Ba and high-spin structure of 134Ba

Jπ = 19/2+ isomers were systematically investigated along the N = 77 chain [32–36]. In the

1970s, the 1942-keV state in 133Ba was identified as an isomer with a half-life in between 2 ns

and 5 ns [36]. Later, Juutinen et al. [154] argued that the half-life of this state has to be much

longer. Adding one neutron, the high-spin regime of 134Ba was investigated several times in the

past. However, the obtained results show significant differences from each other [2, 155–157]. The

study presented in the publication “Isomer spectroscopy in 133Ba and high-spin structure of 134Ba”

resolve the contradictory experimental findings in both nuclei. In this work, excited states in 133,134Ba

were populated in the AGATA 136Xe+208Pb MNT reaction and the 13C+124Sn fusion-evaporation

experiment at the HORUS spectrometer, equipped with eight high-purity germanium and twelve

cerium-doped lanthanum-bromide detectors, providing detailed γγ and γγ-time correlations. The

previously evaluated half-life of the 1942-keV state in 133Ba was revised to T1/2 = 66.6(20) ns.

Likewise, the half-life of the 2222-keV (Jπ = 19/2+) state in 137Nd was measured to be 0.38(7) ns,

utilizing a 16O+125Te electronic fast-timing experiment. Both results close gaps of Jπ = 19/2+ isomers

for N = 77 isotones. Moreover, the extended levelscheme of 134Ba is based on the clear assignment

of new transitions from the AGATA MNT experiment and complementary γγ information form the
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analysis of the fusion-evaporation experiment. A distinct backbending along the positive-parity yrast

band was identified at ħhω≈ 0.38 MeV. A systematic investigation of crossing frequencies along the

even-Ba chain anticipate a neutron alignment at the position of the Jπ = 10+ state in 134Ba.

Shell-model calculations with six different interactions were performed to elucidate the alignment

structure of 134Ba and the isomeric structure of the Jπ = 19/2+ state in 133Ba. In general, backbending

at the position of the Jπ = 10+ state is fairly reproduced for 134Ba. Moreover, a second alignment at

the Jπ = 16+ state is predicted correctly by all calculations. The trend of calculated B(E2) values of

transitions in the ground-state band is in agreement with the manifested neutron alignment in 134Ba.

Since B(E1) values can not be evaluated in the gdsh valence space, the B(E1) transition strength of

the 19/2+→ 19/2− decay in 133Ba was primarily investigated by means of a cross-shell calculation

in an enlarged gdsh+ ν f7/2 valence space by the EPQQM interaction. The discussion was completed

by a theoretical E2 map, calculated with the novel SNV interaction.

Excited states in doubly-odd 130I

The manuscript “Excited states in doubly-odd 130I” presents first results on the high-spin structure of

doubly-odd 130I above the Jπ = 8− isomeric band head. Prior to this work, excited states were solely

investigated utilizing reactions with light particles like protons, deuterons and neutrons. Only the

combination of 136Xe+238U, 136Xe+208Pb MNT experiments, and the 9Be+124Sn fusion-evaporation

experiment provides sufficient information to establish the new level scheme of 130I to approximately

2712+ x keV, incorporating eleven new states. Similar to the case of 131Xe, a proton trigger was

necessary to enhance the peak-to-background ratio of the elusive fusion-evaporation reaction product
130I. Tentative spin-parity assignments, backed by systematics along the Z = 53 chain, were discussed.

The level structure above the Jπ = (10−) state at 818 + x keV resembles the excitation pattern

observed in 134I which is dominated by strong single-particle excitations, emphasizing the transitional

character of 130I.

Shell-model calculations with the GCN50:82, SN100PN, Realistic SM, and EPQQM interactions

indicate that the sequence of the negative-parity states Jπ = 10−...13− are members of the proton-

neutron πg7/2/d5/2 ⊗ νh11/2 configuration. Moreover, spin and configuration decompositions of the

newly observed states corroborate a πh11/2 ⊗ νh11/2 configuration for the Jπ = (10+) band head of

the positive-parity yrast band at 1740+ x keV in 130I.
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| Outlook

Future work in the 50 ≤ Z, N ≤ 82 region

Further studies in the 50 ≤ Z , N ≤ 82 region are contemporary. Besides the still unobserved

isomeric Jπ = 23/2+ state in 137Ce, the systematics of the N = 79 isotonic is incomplete. Until now,

no transitions from higher-lying states were observed which decay into the Jπ = 23/2+ isomers in
131Te [30] and 135Ba [139]. Moreover, there is a large disagreement between shell-model theory

and experiment for the transition strength of the 23/2+→ 19/2− decay in 131Te [139]. In 2013 a

recoil-decay tagging experiment at the JUROGAM+RITU+GREAT setup explored three transitions

feeding the isomeric Jπ = (23/2+) state at Ex = 2616 keV in 139Nd [152]. A similar measurement

would be of highest interest to elucidate the missing high-spin information in both nuclei.
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Just recently, an upbend along the (α = −1/2) negative-parity yrast band at the position of the

Jπ = 27/2− state was observed in 129Xe [53]. In the alignment regions along yrast bands, a

pronounced reduction of B(E2) values is expected [59]. In the past, lifetime measurements were

carried out by means of the recoil distance Doppler-shift method in the backbending regions of the

yrast bands in 130,132,134Ce [158]. Therefore, a future recoil distance Doppler-shift experiment can

provide valuable information on lifetimes which are a sensitive probe for the nature of proton and

neutron 0h11/2 alignment. First preliminary results on shifted and unshifted components of transitions

in 129Xe from a test measurement utilizing the 9Be+124Sn reaction at a beam energy of 40 MeV are

133



presented in Fig. 12(a)-(d). γ rays were detected using 11 HPGe detectors, mounted in two rings at

45◦ and 142.3◦ with respect to the beam axis. Recoiling nuclei left the target with 0.7% of the speed of

light. Data in this experiment were recorded at two different target-to-stopper distances; a very short

distance of 3 µm and a larger distance of 50 µm. Each distance was measured for at least 18 hours.

Spectra are generated from cuts on the shifted components of the (a) 753-, (b) 870-, and (c) 935-keV

transitions. Regarding the 15/2−→ 11/2− transition, a pronounced unshifted component is visible

for the target-to-stopper distance of 50-µm. On the other hand, for the target-to-stopper distance

of 3 µm, the unshifted component dominates, clearly indicating a long lifetime of the Jπ = 15/2−

state. Due to the moderate recoil velocity, shifted and unshifted components are not clearly separated

from each other, as visible in Fig. 12(a). For the (b) 980- and (c) 935-keV transitions mainly shifted

components are observed for both target-to-stopper distances, indicating a rather short lifetime of the

Jπ = 19/2− and 23/2− states compared to the Jπ = 15/2− state. An indirect gate on the unshifted

component of the 935-keV transition yields mainly unshifted components of the 916-keV transitions

at both target-to-stopper distances (see Fig. 12(d)). This observation indicates either a short lifetime

of the Jπ = 27/2− state or a longe lifetime of the feeding Jπ = 31/2− and 35/2− states, which is in

line with the anticipated long lifetime of both alignment states. The analysis is ongoing, however,

statistics is very low for both states. Lifetime measurements in 125,127Xe are also of highest interest,

since no complimentary lifetime information are available for the corresponding backbending regions.

Another lifetime experiment which focused on 129Xe aimed to close a gap in the systematics along

the Z = 54 chain. While Jπ = 23/2+ isomers were studied in the neighboring isotopes 127Xe

(T1/2 = 28(1) ns [20]) and 131Xe (T1/2 = 14(3) ns [33]), no complementary result is reported for

the Jπ = 23/2+ state at 2426 keV in 129Xe. According to systematics, it is expected that this state

has a half-life of several nanoseconds, which is accessible in a 9Be+124Sn experiment, utilizing the

electronic fast-timing technique. Shell-model calculations for 129Xe, performed within the presented

publication on 131Xe, indicate a predominant ν(h−2
11/2d−1

3/2) configuration for this state, which is in

line with the isomeric Jπ = 23/2+ systematics.

Likewise, the identification of the not yet discovered yrast Jπ = 8+ and 6+ states in 132Xe can be

addressed in upcoming beam times. The long half-life of the 8.39(11)ms [26] Jπ = 10+ isomer can be

traced back to the structure of the Jπ = 8+ and 6+ states. Shell-model calculations predict the Jπ = 8+

state either very close in energy to the Jπ = 10+ isomer or slightly above that state [27]. Therefore, a

possible 10+→ 8+ transition can not be observed in a γ-ray fusion-evaporation or MNT experiment

due to the very low transition energy and the usual energy thresholds of the HPGe detectors. Very

recently, evidence for the Jπ = 6+ state was found at 2167 keV by Peters et al. [159], following a

(n, n′γ)measurement. The hitherto unknown Jπ = 8+ state might be populated via multiple Coulomb

excitations. The observation would shed further light on the backbending mechanisms in 132Xe as

well as in 131Xe. The fact that there are so many stable (eight) Te, (nine) Xe, and (seven) Ba isotopes

opens the door for a comprehensive investigation via multistep Coulomb excitations.

New results on 130I were reported in the manuscript “Excited states in doubly-odd 130I”. However,

complementary information is missing for hard-to-reach 132I, where excited states are limited to β-

134



0

100

200

300

400

500

600

700

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

763

97
0

93
4

n

81
4

79
6

n
+

1
3
2
X
e

60
6

55
3

48
638

5

238U g.s.b

U
x
ra
y
s

(a) 136Xe+238U

1
3
6
X
e

10

20

30

40

120 125 130 135 140

132I
(b)

C
ou

n
ts

/
2
ke
V

Eγ (keV)

C
ou

n
ts

Mass number

Figure 13: (a) AGATA γ-ray spectrum gated on mass and nuclear charge of 132I identified with
PRISMA. To get rid of the contaminant transitions from 132Xe, the spectrum is adjusted
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decay spectroscopy of 132Te [2, 160]. The nuclear structure of 132I above 300 keV is still unknown. 132I

was also populated in the 238U+ 236Xe AGATA MNT experiment in the one-proton and three-neutron

stripping reaction and identified with PRISMA. The channel is the largest contribution to the iodine

channel. The singles γ-ray spectrum of 132I, corrected for contamination of the isobar 132Xe, is shown

in Fig. 13(a). The mass spectrum with the applied gate is shown in the inset Fig. 13(b). Contaminant

transitions from 132Xe stem from the intricate resolvability of the nuclear charge in the energy-loss

spectra between Z = 53 and 54. Several candidates for new transitions in 132I are found in the singles

spectrum. Previously, none of the transitions were reported in the literature. A γγ analysis does not

yield reliable results. In contrast to 130I, 132I can not be produced in standard fusion-evaporation

reactions. Recently, the neighboring 131I and 133I were populated via MNT reactions employing 136Xe

beams onto Yb, Lu, W, and Os targets at Argonne National Laboratory using the GAMMASPHERE

spectrometer. High-spin states up to 4.3 MeV were established in both isotopes [161]. In perspective,

a similar MNT or complimentary fission experiment with a high efficiency γ-ray spectrometer provides

data for a detailed spectroscopy of 132I in order to close the gap along the iodine chain towards the

N = 82 shell closure. Before publishing the above presented manuscript on 130I elsewhere, new

results on 132I can be incorporated into the manuscript to get a deeper inside into the systematics.

Beside future experimental aspirations, theorists provide promising new developments and approaches

for the 50 ≤ Z , N ≤ 82 region. In recent past, it was several times concluded that the proton-neutron

part of the SN100PN in not able to reproduce several nuclear-structure features in the mass region

farther apart from the shell closures (see Refs. [69, 162, 163] and discussion in Sec. 1.2 of this thesis).

Newly developed interactions like SNV and GCN50:82, where the proton-neutron part is replaced

by monopole correction interactions, are capable to overcome the weaknesses of the SN100PN

interaction [101]. New shell-model codes like the more advanced BIGSTICK code [164], which uses an

efficient many-body truncation scheme, open the door for more demanding calculations towards lager
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m-scheme dimensions. An unified theoretical description of the region demands the consideration

of additional single-particle orbitals across the Z = 50 or N = 82 shell closure. State-of-the-art

calculations with the Monte-Carlo shell model are predestined to manage an extended model space

which is not tractable for conventional SM calculations [4]. Recently, huge progress has been made

in the development of many-body methods which goes beyond the shell-model approach. Ab-initio

calculations with coupled-cluster method using the renormalization group (SRG)-transformed chiral

NN + 3N interactions were performed in heavy semimagic nuclei up to 132Sn [165]. Ab-initio

calculations are capable to treat nuclei properties in an unified formalism and may provide more

insight into the underlying interactions between individual nucleons in this region of the nuclei chart.

Multinucleon transfer in the vicinity of 208Pb

The region of the nuclei chart between the doubly-closed-shell nucleus 208Pb and the well deformed

actinides is rich in structural changes. Striking similarities in the underlying nuclear structure

between the region around 208Pb and 132Sn were identified by mirrored proton-neutron multiplets of

πh9/2νg9/2 in 210Bi and πg7/2ν f7/2 in 134Sb [1]. The proximity of 208Pb has become the object of

numerous studies related to the discovery of very low-lying negative-parity collective states indicating

the impotance of dynamical octupole deformation. Large electric octupole transition probabilities

between low-lying Jπ = 3− states and the Jπ = 0+ ground state were experimentally observed in
206Pb [166], 208Pb [167], and 210Po [168].

Comprehensive experimental studies of single-closed nuclei together with microscopic shell-model

calculations were performed along the N = 126 and Z = 82 chains [169, 170]. Severity tests of the

proton-neutron part in Z > 82 nuclei far away from doubly-magic 208Pb are still missing due to the

lack of detailed knowledge of the level structure. Nonetheless, a couple of nuclei were investigated

through empirical shell-model calculations [171]. Realistic shell-model studies in a restricted valence

space were performed in 214Po [172] and along Bi isotopes [173]. In the last few years, efforts were

pursued by employing new interactions to describe nuclei around mass A≈ 208 within the enlarged

shell-model space comprising the six single-particle orbitals between the magic numbers 82 and 126,

namely, 0h9/2, 1 f7/2, 0i3/2, 2p3/2, 1 f5/2, and 2p1/2. Teruya et al. [174] presented a wide variety of

calculated results for Pb, Bi, Po, At, Rn, and Fr isotopes in the neutron deficient region (82 ≤ Z ,

N ≤ 126). For this phenomenological effective two-body interaction, one set of the monopole pairing

and quadrupole-quadrupole interactions including the multipole-pairing interactions is adopted. The

interaction is very similar to the well-established pair-truncated shell-model PQM130 interaction in

the A= 130 region, based on the similarities between the 208Pb and 132Sn regions [128]. Recently, the

calculation was extended to nuclear structure features across the N = 126 neutron shell closure [175].

Apart from magnetic moments and transition strengths, a detailed knowledge of high-spin states

is an experimental key observable. Figure 14 presents a partial nuclei chart of the region around

doubly-magic 208Pb, color coded with the maximum observed excitation energy of states within the

yrast cascade. While the high-spin structure of nuclei north-west of 208Pb (N < 126) is known in
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Figure 14: Partial nuclei chart around doubly-magic 208Pb showing the maximum excitation energy
of states in the yrast cascade observed in heavy-ion experiments. Data compiled from
ENSDF/XUNDL data bases [2, 131].

detail, a significant lack of knowledge prevails for nuclei north-east of 208Pb (N > 126). For example,

the state with the highest known excitation energy is located in 210Rn at approx. 12 MeV and has a

spin value of 37 ħh following a 17O+198Pt reaction [176]. On the other hand, up to now, the region

north-east of 208Pb including neutron-rich Bi, Po, At, Rn, Fr, Ra, Ac, Th, Pa and U isotopes is hard to

reach for in-beam spectroscopy. Since solely 206,207,208Pb and 209Bi are available as neutron-rich target

materials for fusion-evaporation studies, the production of neutron-rich systems is very restricted.

In the past, single nuclei like 215,216Rn and 213,214Po were populated in elusive fusion-evaporation

reactions with very low cross sections of only few tens to hundreds µbarn [172, 177]. Multinucleon

and deep-inelastic transfer reactions are the method of choice for the population of a wide range of

nuclei in the 82≤ Z region with sufficiently high cross sections for γ-ray spectroscopy. For example,

multinucleon-transfer reactions were employed to populate high-spin bands of alternating parity

states in 218,220,222Rn and 222,224,226Ra up to highest excitation energies and spins [178]. All isotopes

were simultaneously populated following multinucleon transfer between a 136Xe beam and a 232Th

target at 833 MeV at Lawrence Berkeley National Laboratory using the GAMMASPHERE spectrometer.

Another deep-inelastic collision between a 208Pb beam and a 238U target was used to extend the level
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scheme of 206Hg, 210Pb, and 211Bi to excitation energies above 5 MeV [179]. No complementary

information was obtained for the neutron-rich nuclei like 212−217Bi, 215−218 Po, 213−219At, 217,219 Rn,

and 219−221Fr. Results on excited states are mainly deduced from α-decay spectroscopy. In addition,

no information about the level structure is available for the Z < 82 nuclei along the (A ≥ 208)

thallium and (A≥ 207) mercury chains.
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Figure 15: Calculated cross sections for (a) 136Xe + 208Pb and (b)136Xe + 209Bi MNT reacitions, both
at beam energies of 1 GeV using the GRAZING-F code [180].

Figure 15 shows calculated cross sections for (a) 136Xe + 208Pb and (b)136Xe + 209Bi multinucleon-

transfer reactions at beam energies of 1 GeV using the GRAZING-F code. The code uses a two step

calculation; the initial GRAZING calculation [181] is followed by a second-stage calculation in which

excited target-like nuclei are deexcited by fission and competing neutron evaporation. The calculations

predict cross sections which are sufficiently large to perform γ-ray spectroscopy for nuclei of interest.

In addition, recent calculations done by Zagrebaev and Greiner [182, 183] emphasized the possibility

to produce heavy nuclei around 208Pb by multinucleon transfer, utilizing multidimensional Langevin

equations to describe the dynamics of heavy-ion low-energy dissipative collisions. The model describes

not only multinucleon-transfer processes but also incorporates deep-inelastic collisions, quasifission,

fusion-fission, and fusion reactions in a unified way. Theoretical predictions on cross sections are

confirmed by several experimental results from the reaction studies performed at larger laboratories

such as ANL, GANIL, and GSI. For example, the yields of over 200 projectile-like fragments and

target-like fragments from the interaction of a 136Xe beam at Ec.m. = 450 MeV on a thick target of
208Pb were measured using offline γ-ray spectroscopy with GAMMASPHERE [74]. In that study, a

transfer of up to six protons to the target was observed. Other studies employing 58,64Ni beams at

the SHIP filter at GSI [184] and a 136Xe+198Pt reaction at the VAMOS spectrometer at GANIL [185]

obtained similar results.
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During the 2010-2011 physics campaign at INFN Laboratori Nazionali di Legnaro (LNL), AGATA

consisted of a maximum of five AGATA triple cluster detecors (15 HPGe crystals in total) [82, 83].

Subsequently, the array was successively expanded to the 1π configuration. Following the physics

campaign at Grand Accélérateur National d’Ions Lourds (GANIL), AGATA will be hosted again at LNL.

Meanwhile, a new detection system was installed at LNL, comprising of a Bragg chamber (hereafter

the setup is called NOISE). In upcoming beam times, NOISE can be operated in coincidence with

PRISMA to perform kinematic coincidence measurements [186]. A commissioning 197Au +130Te

experiment yields first results on the final mass distribution of the heavy Au-like products and the

effects of secondary processes like neutron evaporation and fission. [187]. In this study, Au-like

products were detected with NOISE in kinematic coincidence with the lighter Te-like reaction products

measured in the PRISMA spectrometer. Taking advantage of the higher γ-ray efficiency of the AGATA

1π configuration, the experimental setup of AGATA coupled to the PRISMA+NOISE system will

provide an unique opportunity to investigate the nuclear structure of a large number of nuclei in

the 82≤ Z ≤ 92 region. The obstacle of high γ-ray background from excited fission fragments will

be resolved by the detection of the surviving reaction products. Therefore, the NOISE array will

be positioned on the grazing angle for the heavier target-like reaction product. By requiring the

scattered particle in a narrow angle range, which corresponds to the grazing angle covered by PRISMA

for the beam like particles, fission background is further reduced. Kinematic coincidences between

the two reaction products will allow clean conditions for in-beam γ-ray spectroscopy with AGATA.

Complementary information will be obtained for the neutron-rich nuclei like 207−214Hg, 208−215Ti,
212−216Pb, 212−217Bi, 215−218Po, 213−219At, 217,219Rn, and 219−221Fr.
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