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The high-spin structures and isomers of the N = 81 isotones 135Xe and 137Ba are investigated after
multinucleon-transfer (MNT) and fusion-evaporation reactions. Both nuclei are populated (i) in 136Xe+238U
and (ii) 136Xe+208Pb MNT reactions employing the high-resolution Advanced Gamma Tracking Array
(AGATA) coupled to the magnetic spectrometer PRISMA, (iii), in the 136Xe+198Pt MNT reaction employing
the γ-ray array GAMMASPHERE in combination with the gas-detector array CHICO, and (iv) via a 11B+130Te
fusion-evaporation reaction with the HORUS γ-ray array at the University of Cologne. The high-spin level
schemes of 135Xe and 137Ba are considerably extended to higher energies. The 2058-keV (19/2−) state in 135Xe
is identified as an isomer, closing a gap in the systematics along the N = 81 isotones. Its half-life is measured
to be 9.0(9) ns, corresponding to a reduced transition probability of B(E2,19/2− → 15/2−) = 0.52(6) W.u.
The experimentally-deduced reduced transition probabilities of the isomeric states are compared to shell-model
predictions. Latest shell-model calculations reproduce the experimental findings generally well and provide
guidance to the interpretation of the new levels.
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I. INTRODUCTION45

The nuclear structure of high-spin states in the vicinity of46

the N = 82 magic number is a benchmark for nuclear shell-47

model (SM) calculations based on modern effective interac-48

tions in the region above the doubly-magic nucleus 132Sn.49

N = 81 nuclei with one neutron hole with respect to the50

closed neutron shell offer an especially fertile study ground for51

the ingredients of nucleon-nucleon effective interactions and52

nucleon-nucleon correlations in the shell-model framework.53

The N = 81 chain is accessible by advanced large-scale shell54

model calculations. Several effective interactions have been55

developed recently [1–5], heading toward a unified descrip-56

tion of the 50 ≤ N, Z ≤ 82 region. Particularly, neutron-57

neutron and proton-proton correlations up to highest spins58

were thoroughly investigated along the semi-magic Z = 5059

isotopes [6, 7] as well as the semi-magic N = 82 [8, 9] iso-60

tones. However, the evolution of the proton-neutron force re-61

mains an ongoing subject of discussion in this region. Tests of62

all components of effective interactions, including the proton-63

neutron correlations as a function of isospin and spin, have64

to be performed, either in nuclei having several neutron holes65

in the presence of a few proton particles, or vice versa with66

few neutron holes and a larger number of protons. Compre-67

hensive studies were carried out, for example, along the Te68

isotopes [10–12].69

This work focuses on the N = 81 isotones 135Xe and70
137Ba with one neutron hole, and four and six valence pro-71

tons outside the Z = 50 closed shell, respectively. Detailed72

data on the low-spin states in 135Xe were obtained in β-decay73

studies of 135I [13, 14]. The 11/2− neutron-hole isomer at74

526.551(13) keV with a half-life of 15.29(5) min [15] has75

been known since the 1940s [16, 17]. First results on the76

high-spin structure were obtained by Fotiades et al. [18] in77

2007, who measured 135Xe as a fusion-fission fragment from78

the 226Th compound nucleus via triple-γ coincidences using79

the GAMMASPHERE array at Lawrence Berkeley National80

Laboratory (LBNL). The level scheme was extended up to81

3.17 MeV in energy. Tentative spin-parity assignments were82

given up to the 2058-keV level. High-spin isomers were not83

subject of the experiment.84

The data on low-spin states of the stable isotope 137Ba orig-85

inate from earlier work utilizing β decay [19, 20], neutron-86

induced reactions [21], and Coulomb excitation [22]. The87

spins and parities of the ground state and the 11/2− iso-88

c Present address: Institut Laue-Langevin (ILL), 38042 Grenoble Cedex 9,
France.

d Present address: USIAS - Universite de Strasbourg, IPHC-CNRS, F-67037
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mer at 661.659(3) keV with a half-life of 2.552(1) min are89

well established [23]; the 661.657(3)-keV M4 γ-ray transi-90

tion is even one of the best-known energy calibration stan-91

dards in nuclear physics. The decay of this νh−1
11/2 state at-92

tracted renewed attention with the recent observation of both93

a competitive E5 decay [24] and double-γ decay [25]. A94

pioneering work on medium-spin states was performed by95

Kerek et al. in 1973 [26]. The authors irradiated a 136Xe-96

enriched gas target with 20-29 MeV α particles to populate97
137Ba. Excited states were observed up to excitation ener-98

gies of approx. 3 MeV, among them the T1/2 = 590(10) ns99

isomeric state at 2349.1 keV with possible spin assignments100

Jπ = (15/2,17/2,19/2). This state was found to decay101

via a cascade of 120.2-keV and 1567.3-keV γ rays, final-102

ly populating the long-lived 11/2− isomer. A 274.7-keV103

γ-ray decay was observed to connect another higher-lying104

non-isomeric 2623.8-keV state with the 2349.1-keV isomeric105

state. The half-life of this 2623.8-keV state was constrained106

to be smaller than 70 ps.107

Low-lying Jπ = 11/2− yrast-trap isomers are a common108

and unifying feature of even-odd nuclei along the N = 81109

isotone chain ranging from 131Sn up to 151Yb. These states110

correspond to one neutron hole in the h11/2 orbital and decay111

predominantly via M4 γ-ray transitions to the positive-parity112

d3/2 ground states or the first excited 3/2+ states [35, 36]. An-113

other characteristic nuclear-structure feature along the lower-114

mass N = 81 isotones are shorter-lived high-spin isomers115

above the 11/2− states. A compilation of several partial level116

schemes is shown in Fig. 1. Besides the aforementioned117

J = (15/2,17/2,19/2) 0.6-µs isomer at 2.349 MeV in 137
56Ba,118

high-spin isomers were also found in 133
52Te and 139

58Ce. The119

level scheme of 133Te was extended up to 6.2 MeV with tenta-120

tive spin assignments up to Jπ = (31/2−) [30]. A Jπ = (19/2)121

state at 1.610 MeV was found to be isomeric with an adopted122

half-life of T1/2 = 100(5) ns [37]. The level scheme of 139Ce123

is known up to 8.0 MeV in excitation energy and 43/2− in124

spin [31, 38]. The half-life of the first Jπ = 19/2− state125

at 2.632 MeV was observed to be T1/2 = 70(5) ns [39]. A126

[νh−1
11/2 ⊗ |4

+; 140Ce〉] configuration was assigned via g-factor127

measurements [40]. The most elaborate nuclear structure in-128

formation along the N = 81 isotone chain is available for129
141Nd. Recently, the level scheme was extended up to an130

excitation energy of 18.9 MeV and spin (81/2)~ [32, 41].131

Several dipole and quadrupole bands above 4.4 MeV were132

discovered. The dipole bands were interpreted as magnetic133

rotational bands, with transition probabilities that show the134

characteristic decrease with angular momentum caused by the135

shears mechanism. Furthermore, they exhibit a shape evolu-136

tion from low-deformation triaxial to spherical shape. In an137

earlier (α,5nγ) experiment, delayed time distributions were138

measured for the 349-keV 17/2− → 15/2− and the 1781-keV139

15/2− → 11/2− transitions depopulating the 2886-keV level.140

An isomeric state with T1/2 = 26(5) ns was deduced to be141

located at an energy of 2886 + x keV [33]. However, this iso-142

mer was not confirmed by the later studies in Refs. [32, 41].143

Thus, the typical feature of Jπ = 19/2− isomers is first dis-144

continued in 141Nd. In 143Sm (cf. Fig. 1) a Jπ = 23/2(−) iso-145

mer with a half-life of 30(3) ms is located at 2795 keV [43].146
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Figure 1. Comparison of high-spin states and isomer half-lives along the N = 81 isotones; data taken from Refs. [18, 26–34]. A sequence of
Jπ = 19/2− isomers is found in the isotones ranging from 133Te to 139Ce. Tentative assignments are written in parentheses.

The level scheme is known up to 12 MeV with spin (57/2)−.147

The 2795-keV isomer is explained as a three-quasiparticle148 [
νh−1

11/2 ⊗ π(g−1
7/2d−1

5/2)6+

]
configuration [42]. Again, the high-149

spin structure evolves by adding two more protons with re-150

spect to the 143Sm nucleus. In 145Gd, a 2200-keV 13/2+
151

isomer with a half-life of 20.4(16) ns decays predominantly152

by a strongly-collective E3 transition to the 7/2− state. The153

13/2+ state is proposed to be a mixing of the one-phonon154

[ν1 f7/2 ⊗ |3−; 146Gd〉] and the ν0i13/2 configurations [34, 43]155

A significant piece of experimental information is missing156

for two nuclei along the presented N = 81 isotonic chain,157

namely 135Xe and 137Ba. The available data concern either158

low-spin levels observed in single-nucleon transfer reactions159

or levels with spin values limited by the β−-decay selection160

rules. The existing data on the states above the 11/2− isomers161

in 135Xe and 137Ba are rather scarce and the spin-parity assign-162

ments of the known levels are only tentative. The lifetime of163

the expected Jπ = (19/2−) isomer in 135Xe is unknown. The164

limited experimental data, together with recent theoretical ad-165

vances, motivate a refined investigation of nuclear-structure166

features in both nuclei and a test of the predictive power of167

modern shell-model calculations.168

In this article, we report and discuss new results for 135Xe169

and 137Ba obtained in four different experiments. Two of170

these experiments were based on direct identification of the171

nuclei of interest and coincident prompt γ-ray spectroscopy.172

The combination of the high-resolution position-sensitive173

Advanced Gamma Tracking Array (AGATA) [44] and the174

PRISMA magnetic mass spectrometer [45–47] was employed175

to study the nuclei after 136Xe + 208Pb multinucleon-transfer176

(MNT) and 136Xe + 238U MNT and fission reactions, respec-177

tively. Another experiment to study both nuclei of inter-178

est was conducted at the GAMMASPHERE+CHICO setup179

[48, 49] at Lawrence Berkeley National Lab (LBNL), using a180

136Xe+ 198Pt MNT reaction. In addition, 137Ba was populated181

via the fusion-evaporation reaction 130Te(11B,p3n) employ-182

ing the High-efficiency Observatory for γ-Ray Unique Spec-183

troscopy (HORUS) [50] at the Institute of Nuclear Physics,184

University of Cologne.185

This paper is organized as follows: the experimental setup186

and data analysis of the four experiments are described in Sec-187

tion II, followed by the experimental results in Section III.188

A detailed comparison with shell-model calculations is pre-189

sented in Section IV before the paper closes with a summary190

and conclusions.191

II. EXPERIMENTAL PROCEDURE192

AND DATA ANALYSIS193

The 136Xe + 238U and 136Xe + 208Pb MNT experiments,194

performed at the Laboratori Nazionali di Legnaro at beam en-195

ergies of 7.35 MeV/nucleon and 6.84 MeV/nucleon, respec-196

tively, delivered an isotopic identification of the nuclei of in-197

terest. Correlations between prompt γ-ray transitions popu-198

lating isomers and delayed de-exciting γ-ray transitions were199

enabled by the pulsed-beam 136Xe+198Pt experiment employ-200

ing the GAMMASPHERE+CHICO setup at LBNL. Further-201

more, 137Ba was populated via the fusion-evaporation reaction202
130Te(11B,p3n) with a beam energy of 54 MeV at the FN Tan-203

dem accelerator of the Institute of Nuclear Physics, University204

of Cologne, providing detailed γγ-coincidence data. Details205

of the four complementary experiments are described below.206
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A. 136Xe + 238U207

The PIAVE+ALPI accelerator complex at the Laboratori208

Nazionali di Legnaro provided a 136Xe beam with an energy209

of 1 GeV and a beam current of 2 pnA. The beam was used to210

subsequently bombard two different 238U targets with thick-211

nesses of 1 mg/cm2 and 2 mg/cm2. A 0.8-mg/cm2 Nb back-212

ing faced the beam. The light projectile-like reaction frag-213

ments were identified with the magnetic mass spectrometer214

PRISMA [45–47] placed at the grazing angle of θlab = 50◦.215

Nuclear charge, mass and the velocity vector for the individ-216

ual lighter reaction products were determined via an event-by-217

event trajectory reconstruction within the magnetic system.218

γ rays from excited states in both beam- and target-like nu-219

clei were detected with AGATA [44] in the demonstrator con-220

figuration [51] placed 23.5 cm from the target position. The221

array consisted of 15 large-volume electronically segmented222

high-purity Ge (HPGe) detectors in five triple cryostats [52].223

An event registered by the PRISMA focal-plane detector in224

coincidence with an AGATA event was taken as a trigger for225

the data acquisition. Pulse-shape analysis of the digitized de-226

tector signals was applied to determine the individual inter-227

action points [53]. This information is used by the Orsay228

forward-tracking algorithm [54] to reconstruct the individual229

emitted γ-ray energies, to determine the first interaction point230

of the γ ray in the germanium and, thus, the emission angle.231

Combining this information with the kinematic information of232

PRISMA, a precise Doppler correction for beam- and target-233

like nuclei was performed. Further details on the analysis are234

comprised in Ref. [55].235

B. 136Xe + 208Pb236

In this experiment, a 136Xe beam from the PIAVE+ALPI237

accelerator complex at an energy of 930 MeV impinged onto238

a 1−mg/cm2 thick 208Pb target. PRISMA was placed at the239

grazing angle of θlab = 42◦. γ rays were measured by the240

AGATA Demonstrator in a configuration of three triple clus-241

ters. The further setup, trigger conditions, and the data anal-242

ysis are similar to those described in Section II A. The mea-243

surement of the momentum vector of beam-like recoils with244

PRISMA enabled a reconstruction of the total kinetic energy245

loss (TKEL) value of the reaction which is defined as the246

energy transferred to internal degrees of freedom and corre-247

sponds to the reaction’s Q value with an opposite sign [46, 56].248

Further details on the analysis can be found in Refs. [57, 58].249

C. 136Xe + 198Pt250

A 850-MeV 136Xe beam provided by the 88-Inch Cyclotron251

impinged onto a self-supporting 420-µg/cm2 198Pt target, iso-252

topically enriched to > 92%. γ rays were detected by the253

GAMMASPHERE array, which in this experiment consisted254

of 103 Compton-suppressed HPGe detectors [48]. Both po-255

lar and azimuthal angles and the time-of-flight difference256

∆tTOF between the detection of beam-like and target-like reac-257

tion products were measured with the gas-filled parallel-plate258

avalanche detector array CHICO, allowing for an event-by-259

event Doppler-shift correction for emitted γ rays. The ex-260

perimental trigger required two CHICO elements and at least261

three germanium detectors to fire. Further details are given in262

Ref. [59]. The data from the experiment were sorted into four263

two-dimensional matrices gated on beam-like fragments: (i)264

an in-beam Doppler-corrected prompt γγ matrix, (ii) an out-265

of-beam delayed-delayed γγ matrix, (iii) a delayed-prompt266

γγ matrix, and (iv) a delayed-γ-time matrix for extracting267

isomeric decay half-lives. The time window for the delayed γ268

rays was set from 45 to 780 ns. The radware analysis package269

[60] was used to project and background-subtract the gated270

spectra.271

D. 11B + 130Te272

In a fourth experiment, 137Ba was populated via the273

fusion-evaporation reaction 130Te(11B,p3n)137Ba, employing274

a 54 MeV 11B beam delivered by the FN Tandem accel-275

erator of the Institute of Nuclear Physics, University of276

Cologne. The 99.3% enriched 130Te target with a thickness277

of 1.8 mg/cm3 was evaporated onto a 120 mg/cm3 thick Bi278

backing plus a 132 mg/cm3 thick Cu layer for heat dissipa-279

tion. All residual reaction products are stopped inside the Bi280

backing. The reaction codes Pace4 [61] and cascade [62] pre-281

dict a relative cross section of approx. 0.8% for the population282

of the p3n channel at this beam energy. γ rays from excited283

states were measured employing the HORUS array [50] com-284

prising 14 HPGe detectors, six of them equipped with BGO285

Compton-suppression shields. The detectors are positioned on286

the eight corners and six faces of a cube geometry. Evaporated287

charged particles were detected with a double-sided silicon288

strip detector mounted at backward direction covering an an-289

gular range from 118 to 163◦. The count rate of the individual290

HPGe crystals was maintained around 20 kHz during the ex-291

periment. γγ coincidences were processed and recorded uti-292

lizing the synchronized 80 MHz XIA Digital Gamma Finder293

(DGF) data-acquisition system. The data were sorted into var-294

ious two- and three-dimensional matrices with a time gate of295

250 ns using the soco-v2 code [63]. In total, 1.5×1010 γγ and296

8.0×109 γγγ coincidence events were collected. The analysis297

was performed with the program tv [64].298

III. RESULTS299

A. 135Xe300

The level scheme of 135Xe deduced in the present work is301

presented in Fig. 2. Ejectile Doppler-corrected singles γ-ray302

spectra of 135Xe produced in the 136Xe+208Pb experiment are303

shown in Fig. 3 with gates on (a) low, (b) intermediate, and (c)304

large total kinetic energy losses (TKEL). The applied gates305

on the TKEL distributions are shown in the three insets and306

are marked in black. Gates on the TKEL distributions restrict307

Preliminary manuscript – Do not distribute – January 17, 2017



5

1222

310

298

243

250

814

513

493

1458
1791

650

1132
1449

288

1678

2112 2046

1260

836

1039

1706

600

214

(1180)

659

3/2 0

11/2 527

(15/2 ) 1749

(19/2 ) 2058

2356

2571

3171

3414

3664

1/2 288

5/21791

(9/2 ) 2233

5/21458(3/2 )1449

7/2 1132

(11/2) 1782
(7/2)1678

(5/2)2112 (5/2 )2046

5/2

(9/2) 1968.3

9/2

(2440)

4073

9.0(9) ns

15.3 min

1241

(7/2, 9/2)

1565

1260

*

*

*

*

*

135Xe

Figure 2. Level scheme of 135Xe with the newly observed 214-, 243-, 250-, 493-, and 659-keV γ-ray transitions marked with an asterisk.
Spins and parities of the states below 2.3 MeV are taken from Refs. [13, 15, 18]. Intensities are extracted from the 136Xe+208Pb experiment
and normalized to the 1132-keV γ-ray transition. See text for details.

0

20

40

60

100 300 500 700 900 1100 1300 1500 1700 1900 2100 2300 2500

0

150

300

450

600

0

30

60

90

120

C
o
u
n
ts

/
1
ke
V

Eγ (keV)

C
ou

n
ts

/
1
ke
V

C
ou

n
ts

/
1
ke
V

0

150

300

450

600

−50 0 50 100 150

TKEL (arb. units)

0

150

300

450

600

−50 0 50 100 150

TKEL (arb. units)

0

150

300

450

600

−50 0 50 100 150

TKEL (arb. units)

(a)

20
9 P
b

28
8

(b)

(c)

12
22 13
6 X
e

14
58

11
32

51
3

51
3

28
8

14
49

24
3

25
0

12
60

60
029
8

31
0

31
0

81
4

81
4 12
22

12
22

11
32

65
9

65
9

nn

60
9

60
9

20
9 P
b

17
06

17
91

204614
17

21
4

63
3

65
0

49
3

47
0

10
39

83
6

16
78

83
6

15
8

11
80

12
41

2112
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Table I. Energies, assignments and relative in-beam intensities for
transitions observed in 135Xe above the 11/2− isomer. Fitted ener-
gies and intensities normalized to the 1222-keV transition are taken
from the 136Xe + 208Pb AGATA experiment.

Eγ (keV) Ei (keV) E f (keV) Iπ
i

Iπ
f

Iγ

158 weak

214 2571 2356 5(2)

243 3414 3171 12(2)

250 3664 3414 6(2)

298 2356 2058 (19/2−) 26(2)

310 2058 1749 (19/2−) (15/2−) 22(2)

470 weak

493 3664 3171 weak

513 2571 2058 (19/2−) 24(2)

600 3171 2571 12(3)

609 9(2)

633 weak

659 4073 3414 3(1)

814 3171 2356 28(3)

1222 1749 527 (15/2−) 11/2− ≡ 100

the total excitation energy of the reaction system. In partic-308

ular, events with small TKEL values are related to reaction309

products with a lower excitation energy. Thus, by correlat-310

ing the TKEL distributions with coincident γ rays of AGATA,311

γ-ray transitions between states with different excitation en-312

ergies and angular momenta can be suppressed or enhanced313

[46, 65]. 135Xe is produced by a one-neutron stripping reac-314

tion, therefore, a multitude of low-lying excited states with315

spins J < 11/2 ~ are populated with a gate on low TKEL,316

cf. Fig. 3(a) and Fig. 2. In contrast, γ-ray spectra with gates317

on larger TKEL show prominent γ rays with energies of 298,318

310, 513, 600, 814, and 1222 keV that were reported by Fo-319

tiades et al. [18] to be transitions depopulating medium-spin320

states above the 11/2− isomer. New γ rays identified in the321

present work with energies of 158, 214, 243, 250, 470, 493,322

609, 633, and 659 keV are labeled in italic characters in Fig. 3323

and summarized in Table I. Intensities are taken from the324
136Xe+208Pb experiment. Various GAMMASPHERE prompt325

γγ-coincidence spectra are shown in Figs. 4(a) to (g). Co-326

incidences are marked with arrows. Some spectra are over-327

subtracted due to considerable non-uniform background con-328

tributions by falsely Doppler-corrected target excitations.329

The placement of the 298-, 513-, 600-, and 814-keV tran-330

sitions by Fotiades et al. is verified; the 298-814-keV and331

513-600-keV cascades are mutually coincident. Their place-332

ment above the 2058-keV state is also consistent with the333

TKEL-gated AGATA spectra: The 1222-keV line is already334

visible for low TKEL in Fig. 3(a), while the 310-keV and335

the four aforementioned transitions first appear for interme-336

diate TKEL values. The 214-keV γ ray fits the energy dif-337

ference of the 2571- and 2356-keV state and emerges in the338

intermediate-TKEL gated spectrum in Fig. 3(b). Furthermore,339
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Coincidences are labeled by arrow heads. Vertical lines correspond-
ing to peak energies observed in 135Xe are drawn to guide the eye.

it is mutually coincident with the 298-keV transition as shown340

in Figs. 4(a) and (g). Consequently, the transition is placed341

between the two states. The 243-keV γ-ray transition first342

appears in Fig. 3(b) with a gate on intermediate TKEL; the343

250- and 493-keV γ-ray transitions are only visible in panel344

(c) with gates on large TKEL. Moreover, the 243-keV γ ray is345

coincident with all major transitions between the 2058- and346

3171-keV levels and placed on top of the 3171-keV level.347

In accordance with the intensity balance, the 250-keV γ-ray,348

which is coincident with the 243-keV γ ray, is placed directly349

on top. The 493-keV γ ray corresponds to the sum energy350

of the two aforementioned transitions and is not coincident351

with either the 243- or the 250-keV transitions. Additionally,352

Fig. 4(f) shows that the 659-keV transition is coincident with353

the lines at 243, 298 and 814 keV. The transition is placed par-354

allel to the 250-keV transition. No conclusive coincidences355

and placements are found for the 158-, 470-, 609-, and 633-356

keV γ rays.357

The systematics along the N = 81 isotones ranging from358
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Figure 5. (Color online) (a) GAMMASPHERE delayed out-of-beam
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133Te to 139Ce suggests the Jπ = (19/2−) state at 2058 keV359

to be of isomeric character (cf. Fig. 1 in Section I). Fig-360

ures 5(a) and (b) show the GAMMASPHERE delayed out-361

of-beam γ-ray spectra gated by 310 and 1222 keV. Both de-362

layed transitions are mutually coincident with low peak in-363

tensities. However, both 310- and 1222-keV transitions de-364

populating the 2058 keV level are also clearly observed in the365

prompt AGATA γ-ray spectra. Thus, the lifetime of the 2058-366

keV state has to be of the order of the width of the prompt367

peak in the time-difference spectrum between PRISMA and368

AGATA, i.e. ∆tPRISMA−AGATA ≈ 16 ns. The precise lifetime is369

determined using the GAMMASPHERE γ-time matrix. The370

1222-keV peak is contaminated by the delayed 1220.1-keV371

11/2− → 7/2−g.s. transition which is part of the depopulating372

γ-ray cascade of the 19/2− isomer with T1/2 = 10.1(9) ns in373
137Xe [23]. Nonetheless, the peak at 310 keV has an expected374

FWHM of 1.5 keV and shows no sign of contamination. The375

corresponding background-subtracted time projection (black376

points) and the fitted decay curve (solid line) are shown in377
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Figure 6. Level scheme assigned to 137Ba in the present work. Tran-
sition and excitation energies are given in keV. The decay of the
11/2− isomer is not observed due to its long half-life. γ-ray inten-
sities of transitions above the 2349.9-keV isomer are deduced from
the 11B + 130Te experiment and normalized to the 274.5-keV tran-
sition. Isomeric states are marked with thick lines and labeled with
the corresponding half-lives. Spins and parities of the states below
2.35 MeV follow the systematics of the N = 81 isotonic chain. New
γ-ray transitions are marked with an asterisk. See text for details.

Fig. 5(c). A time spectrum of a nearby background region378

around 307 keV is plotted with solid steps. Any residual back-379

ground of the prompt peak in the time spectrum is negligible380

for the decay-curve fit. The fit function of the time spectrum381

N (t) is chosen as N (t) = a exp (t ln (2)/T1/2) + b. The back-382

ground parameter b is fitted between 200 and 780 ns and held383

constant in the decay-curve fit. The fitted half-life is 9.0(9) ns384

for the 2058-keV state.385
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Figure 7. (Color online) (a) GAMMASPHERE delayed out-of-beam
γ-ray spectrum gated by the delayed 120-keV transition in 137Ba.
Contaminants from 134Ba are labeled in the spectrum. Contaminants
are marked with c; Ge(n,n′γ) edges with n. (b) Same spectrum as
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visible. (c) Time spectrum gated by the 1568-keV transition (data
points) from which the decay curve (solid line) is obtained with a
half-life of T1/2 = 589(20) ns. (d) GAMMASPHERE delayed-
prompt γγ-coincidence spectrum with a gate on the delayed 1568-
keV transition (partial level scheme shown in the inset). The spec-
trum contains prompt transitions feeding the 2349.9-keV isomer.

B. 137Ba386

The level scheme of 137Ba deduced in this work is presented387

in Fig. 6. Corresponding γ-ray transitions are summarized in388

Table II. The intermediate-spin region below the long-lived389

(19/2−) isomer is accessible by utilizing delayed-delayed as390

well as delayed-prompt coincidences from the GAMMAS-391

PHERE+CHICO dataset. Figure 7(a) presents the delayed392

γ-ray spectrum with a gate on the delayed 120-keV transi-393

tion. The spectrum shows the expected prominent peak at394

1568 keV. Some contaminant peaks are caused by the nearby395

delayed 121-keV (10+) → (8+) transition in 134Ba [66].396

The gate on the 1568-keV γ-ray transition, which directly397

feeds the 11/2− isomer, shows a distinct peak at 120 keV in398

Fig. 7(b). Intense peaks at 110 and 197 keV in the spectra399

originate from the γ-ray decay of long-lived excited states400

which were populated in 19F(n,n′γ) reactions of neutrons401

evaporated after MNT with fluorine present in teflon® tapes402

within the HPGe detector configuration. As no significant403

contamination of other delayed γ rays is present in the 1568-404

keV gated spectrum, the γ-time matrix is exploited for this405

transition. The inset in Fig. 7(b), marked as (c), shows the406

corresponding decay curve obtained by a gate on the delayed407

1568-keV transition. Fits are performed for six different time408

windows between 100 ns and 700 ns. The half-life of the409

2349.9-keV excited state is determined to be 589(20) ns us-410

ing the weighted arithmetic mean of the individual fits. It411

is in good agreement with the previously measured value of412

590(10) ns [26]. No evidence is found for further few-ns life-413

times above the 2349.9-keV state.414

A gate on the GAMMASPHERE delayed 1568-keV transi-415

tion is applied to generate the prompt γ-ray spectrum shown416

in Fig. 7(d) that contains the transitions feeding the 2349.9-417

keV isomer. A series of densely located peaks stands out418

around the dominating 275-keV peak which was already re-419

ported by Kerek et al. [26]. Fifteen of the 23 transition can-420

didates visible in the delayed-prompt γ-ray spectrum are also421

present in the ejectile Doppler-corrected singles γ-ray spec-422

Table II. Energies, assignments and relative in-beam intensities for
transitions observed in 137Ba above the 11/2− isomer. Fitted ener-
gies and intensities normalized to the 274.5-keV transition are taken
from the 11B + 130Te HORUS experiment. The uncertainties in the
transition energies are ±0.5 keV. Possible spin/parity assignments are
discussed in Section IV.

Eγ (keV) Ei (keV) E f (keV) Iπ
i

Iπ
f

Iγ

120.1 2349.9 2229.8 (19/2−) (15/2−)

245 ≥ 3840.5 10(3)

264.9 4497.6 4232.7 19(2)

274.5 2624.4 2349.9 (21/2−) (19/2−) ≡ 100

279.6 4119.7 3840.5 29(3)

288.8 2913.2 2624.4 38(7)

295.6 3840.5 3544.9 43(7)

621.6 3534.8 2913.2 30(3)

678.9 4798.6 4119.7 23(4)

697.9 4232.7 3534.8 20(5)

780 ≥ 3840.5 10(4)

1113 (4953.5) (3840.5) 4(2)

1195.0 3544.9 2349.9 (19/2−) 43(8)

1216.0 3840.5 2624.4 34(3)

1238.6 4151.8 2913.2 22(6)

1568.2 2229.8 661.7 (15/2−) 11/2−
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trum of the 136Xe + 238U AGATA experiment in Fig. 8(a).423

The improved energy resolution of the AGATA array allows424

a clear separation of the closely lying lines of the GAMMA-425

SPHERE data set. The spectrum is corrected for remaining426

contaminations of the nearby isobar 137Cs [8] by subtract-427

ing the corresponding normalized mass-gated γ-ray spectrum.428

A smoothed background spectrum including Compton steps429

is modeled and subsequently subtracted. The corresponding430

PRISMA mass spectrum along the Ba isotopes is depicted431

in the inset (b). Random background is significantly sup-432

pressed by gating on the prompt time-difference peak between433

AGATA and PRISMA. In total, the γ-ray spectrum features434

24 peaks, 23 of them were previously unknown. The excita-435

tion pattern of 137Ba is different compared to that of 135Xe as436

more nucleons are transferred. None of the known low-spin437

positive-parity excited states [23] are observed. Therefore, all438

new levels and their transitions have to be placed above the439

2349.9-keV isomer.440

Both γγ-double and γγγ-triple coincidences are exploited441

in the analysis of the Cologne fusion-evaporation experiment.442

Various HORUS prompt γγ-coincidence spectra are shown in443

Figs. 9(a) to (e). Coincidences are marked in the spectra. We444

note that no mass identification was performed in the LBNL445

and Cologne experiments. Thus, only transitions identified in446

the AGATA singles spectrum (see Fig. 8) and the GAMMAS-447

PHERE delayed-prompt coincidence spectrum are considered448

in order to construct the level scheme above the 2349.9 keV449

isomer. γ-ray energies and intensities, normalized to the in-450

tensity of the 274.5-keV γ-ray transition, are listed in Table II.451

The 274.5-keV transition is observed to be the most intense452

one and was already known to directly feed the 2349.9-keV453

isomer [26]. γ rays with energies of 288.8, 621.6, 698, and454

265.9 keV are mutually coincident with the 274.5-keV transi-455

tion and constitute a cascade feeding the 2624.4-keV state. A456

1238.6-keV γ ray is observed to be coincident with the 274.5-457

and 288.9-keV γ rays, but not with the other transitions of the458

aforementioned cascade. Hence, the transition has to feed a459

2913.2-keV state, decaying by the 288.9-keV transition. The460

intensity of the 698-keV γ ray in the γγ-coincidence spec-461

trum gated on 274.5 keV exceeds the one of the 288.9-keV462

line. However, the intensity balance in the γγγ projection463

gated on 274.5 and 288.9 keV suggests the 697.9-keV transi-464

tion to be placed above the 2913.2-keV state. Hence, the line465

at 698 keV is in fact a doublet, as presented in Fig. 6. The466

ordering of the 697.9- and 264.9-keV transitions is tentative467

since the intensities are equal within their uncertainties.468

Coincidences with the 1568.1-keV transition (see Fig. 9(a))469

as well as the intensity balance require the newly-observed470

1195.0-keV transition to be placed parallel to the 274.5-keV471

transition, directly feeding the isomer. Since the 295.6-,472

279.3- and 678.9-keV lines are in mutual coincidence with the473

1195.0-keV γ ray (cf. Fig. 9(b) and (c)), all three transitions474

are placed on top of the newly established 3544.9-keV state475

according to their intensity balance. Peaks at 245 and 780 keV,476

also observed in the 136Xe + 198Pt experiment in Fig. 7(d), ap-477

pear in the γγγ spectrum double-gated on 1195 and 296 keV,478

but cannot be placed unequivocally in the level scheme. A479

1216.0-keV γ ray connects the 3840.5 and 2624.4-keV states.480

This placement is also supported by γγ- and γγγ coinci-481

dences as shown in Figs. 9(d) and (e). The 1113-keV tran-482

sition is tentatively placed above the 3840.5-keV state. The483

obtained maximum excitation energy is consistent with other484

populated reaction channels in the present experiments [65].485

Two 555.6- and 620.2-keV γ rays that were tentatively as-486

signed by Kerek et al. [26] to feed the 2624-keV state, are not487

observed in this work. No conclusive placement is obtained488

for the other low-intensity transitions.489
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IV. SHELL-MODEL CALCULATIONS490

The extended level scheme and the features of long-lived491

isomers are compared to results of two different large-scale492

shell-model calculations for 135Xe and 137Ba. The first calcu-493

lations were carried out without any truncations for positive-494

and negative-parity states in the jj55pn model space with the495

jj55pna Hamiltonian [1] (referred to as the SN100PN interac-496

tion) using the code NuShellX@msu [67]. The SN100PN in-497

teraction is based on a renormalized G matrix derived from the498

CD-Bonn nucleon-nucleon interaction [68]; single-particle499

energies were chosen to reproduce excited states in 133Sb and500
131Sn. The model space comprises the full gdsh valence space501

outside the 100Sn core between the magic numbers 50 and 82,502

including the 0g7/2,1d5/2,1d3/2,2s1/2, and 0h11/2 orbitals for503

both protons and neutrons. The corresponding single-particle504

energies for the neutrons are −10.609, −10.289, −8.717,505

−8.694, and −8.815 MeV, respectively. Those for the protons506

are 0.807, 1.562, 3.316, 3.224, and 3.605 MeV.507

An independent extensive theoretical study of nuclei508

around mass 130 was published by Teruya et al. [3]. The509

results include excited states and electromagnetic transi-510

tion probabilities for Xe and Ba isotopes within the shell511

model in the gdsh model space including the 0g7/2, 1d5/2,512

1d3/2, 2s1/2, and 0h11/2 orbitals for both protons and neu-513

trons. The interaction [in the following referred to as514

Pairing+Quadrupole-Quadrupole+Multipole for the mass re-515

gion 130 (PQM130)] is composed of spherical single-particle516

energies and phenomenological two-body effective interac-517

tions consisting of monopole-pairing, quadrupole-pairing,518

and quadrupole-quadrupole terms. Further newly introduced519

higher-order pairing interactions are also taken into account.520

Single-particle energies (SPE) were adopted from the experi-521

mental excited states of 133Sb (proton SPEs) and 131Sn (neu-522

tron SPEs) [3].523

The shell-model calculations provide insight into the struc-524

ture of the isomeric states and the levels built on top. Results525

of both calculations (mid and right panels) are compared to526

the experimental levels (left panel) of 135Xe in Fig. 10(a) and527

to the ones of 137Ba in Fig. 10(b), respectively. The states528

are separated into columns for the negative- and the positive-529

parity states. The lowest neutron-hole states with Jπ = 3/2+,530

1/2+, and 11/2− are well reproduced by both shell-model cal-531

culations for 135Xe as well as for 137Ba. In addition, the ex-532

citation energies of the first excited 7/2+ and 5/2+ states are533

fairly reproduced by both the PQM130 and the SN100PN in-534

teractions, however, the ordering of the states is reversed in535

both nuclei.536

The (15/2−) and the (19/2−) states in 135Xe are well repro-537

duced by the SN100PN interaction with deviations to lower538

energies of only 47 and 86 keV, respectively. The PQM130539

interaction predicts both states at slightly higher energies with540

deviations of 138 and 173 keV. Larger discrepancies between541
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Figure 10. Comparison of experimental energy spectra with the results of shell-model calculations for (a) 135Xe and (b) 137Ba. Experimental
energy spectra are shown in the left panels. The arrangement of experimental levels for 137Ba mirrors the layout of the level scheme shown
in Fig. 6. The mid panels comprise the results for both the first and the second excited states obtained with the PQM130 interaction [3]. The
right panels show the results of the shell-model calculations within the SN100PN interaction. Note that the states are separated into columns
for the negative- and the positive-parity states. The first columns contain yrast states; second columns with yrare states are added for clarity.
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the two calculations emerge in the high-spin regime, e.g. the542

prediction for the first 25/2− state differs by 0.5 MeV. The543

2356-keV state is interpreted as the 21/2− state, as for lower544

spin values a dominant decay branch to the 15/2− state is ex-545

pected which is not observed in this study. Accordingly, the546

state at 2571 keV has the possible spins Jπ = (21/2, 23/2)−.547

Positive-parity states with J > 15/2 are predicted by both cal-548

culations to appear at excitation energies larger than 2.8 MeV.549

States with spin 25/2− are expected to be located at excitation550

energies above 3.2 MeV. In comparison with the experimental551

energy spectrum, both interactions do not yield a conclusive552

assignment of states beyond 2.5 MeV.553

The 11/2− and the (15/2−) states in 137Ba are well repro-554

duced by the PQM130 interaction. In contrast, the SN100PN555

interaction underestimates the 11/2− level energy by 184 keV.556

The ordering of the first excited 17/2− and 19/2− levels are557

predicted differently by both calculations. The experimen-558

tal (19/2−) state is over-predicted by the PQM130 interac-559

tion, and under-predicted by the SN100PN interaction, both560

with an offset of 245 keV. However, the relative positions of561

the (15/2−) and (19/2−) states is better reproduced by the562

SN100PN interaction. Going to higher spins, the energy dif-563

ferences in the two calculations between states of same spin564

and parity amount for up to one MeV. The 2624.4-keV ex-565

cited state can most likely be interpreted as the first 21/2−566

state. Positive-parity states of similar spin are predicted by567

both calculations to appear only at higher energies, states with568

spin Jπ < 15/2+ would also decay into the 15/2− state or the569

11/2− isomer. Moreover, the 2913.2-keV state is most prob-570

ably of spin 23/2−. The 25/2− state is only predicted above571

3.5 MeV. Lower-spin states would preferably decay into states572

of spin J < 19/2. Consequently, the states at 3322, 3534.8,573

and 4232.7 keV are interpreted to have a spin of J > 21/2.574

Otherwise, they would directly decay to the 19/2− state. The575

3544.9-keV state is proposed to be the bandhead of a positive-576

parity band, which fits the systematics of the calculated level577

scheme. In the same way, the state at 4151.8 keV may be in-578

terpreted as either the 25/2− or the 27/2− state. However, due579

to the large density of predicted levels above 3.5 MeV, spins580

and parities cannot be assigned unambiguously solely on the581

basis of shell-model calculations.582

Reduced transition probabilities (B(E2) values) are cal-583

culated for the (19/2−) → (15/2−) transitions in 133Te,584
135Xe, and 137Ba. Both the decays of the first and the sec-585

ond excited states are considered. In the SN100PN calcu-586

lations the effective neutron and proton charges are defined587

as eν = δeν and eπ = 1e + δeπ with polarization charges588

δeν = 0.81e and δeπ = 0.52e. The effective neutron po-589

larization charge is tuned to reproduce the reduced transition590

strength of the first excited 2+ state in the Z = 50 isotope591
128Sn, B(E2; 2+ → 0+) = 4.2(3) W.u. [70]. The obtained592

value of δeν = 0.81e is in very good agreement with the593

effective charges used in a previous study of the nearby nu-594

cleus 136Ba (δeπ, ν = 0.82e) [59]. Keeping δeν fixed, δeπ595

is modified to reproduce the B(E2; 19/2− → 15/2−) value596

in 133Te. In the PQM130 interaction, effective charges are597

chosen as eν = −0.60e − 0.10Nν e for neutrons and eπ =598

+1.80e − 0.05Nπ e for protons. Nπ and Nν are the proton-599

particle and neutron-hole numbers with respect to 132Sn. Note600

that the neutron effective charge is chosen to be negative,601

as the calculations are performed for valence-neutron holes.602

The results are summarized in Table III. The B(E2) value603

corresponding to the isomeric (19/2−) → (15/2−) transi-604

tion in 133Te is well reproduced within the experimental error605

by the PQM130 interaction and by the SN100PN interaction606

with modified effective charges. However, the excitation en-607

ergy of the isomeric state is overpredicted by the PQM130608

interaction. In 135Xe the transition probability of the 310-609

keV transition de-exciting the 9.0(9)-ns isomer at 2058 keV610

yields B(E2) = 0.52(6) W.u. assuming a pure E2 multipo-611

larity. The transition probability for the 120-keV transition612

de-exciting the 589(20)-ns isomer at 2349.9 keV in 137Ba is613

0.46(3) W.u. Particularly, the B(E2) value of 135Xe is well614

reproduced by the PQM130 interaction. The calculation lo-615

cates the second 19/2− states slightly higher (0.2 MeV for616
135Xe and 0.09 MeV for 137Ba) than the first 19/2− states.617

Therefore, in 137Ba the calculated states might be reversed,618

i.e. the second calculated 19/2− state might correspond to619

the first experimental 19/2− state. In fact, the theoretical620

B(E2) value of the second excited 19/2− state obtained by the621

PQM130 interaction generally agrees with the experimental622

value of 137Ba. The SN100PN interaction does not reproduce623

the experimental B(E2; 19/2− → 15/2−) values for 135Xe and624
137Ba. The Weisskopf hindrance factors of the (19/2−) iso-625

mers are FW = Texp
1/2 /T

W
1/2 = 1.8 for 135Xe and 1.1 for 137Ba,626

respectively.627

The decomposition of the total angular momentum of the628

15/2−1 , 19/2−1 , and 19/2−2 states in 133Te, 135Xe, and 137Ba629

into their neutron (Iν ) and proton (Iπ) spin components in the630

SN100PN calculation is presented in Fig. 11 while Table IV631

shows the average proton occupation numbers of each orbital632

of the gdsh model space for the 15/2−1 , 19/2−1 , and 19/2−2633

states in the PQM130 and SN100PN calculations. The decay634

of the 19/2− isomer to the 15/2− state in 133Te is compara-635

ble to the isomeric πg2
7/2 → πg2

7/2 6+ → 4+ transition in the636

neighboring N = 82 nucleus 134Te, and the B(E2; 19/2− →637

15/2−) in 133Te is found to be only slightly larger than the638

B(E2; 6+ → 4+) in 134Te [71]. The SN100PN interaction639

computes the first excited 19/2− and 15/2− states to have640

νh−1
11/2 ⊗ πg

2
7/2 configurations with fractions of 88% and 92%,641

respectively. The 15/2−1 state is predicted to have a 75% fully-642

stretched [ν 11/2−⊗π 2+] and a 21% [ν 11/2−⊗π 4+] configu-643

ration, whereas the 19/2−1 state is predominantly ν 11/2− cou-644

pled to π-4+ (41%) and π-6+ (58%) configurations. The sim-645

ilar g7/2 occupation numbers of the 19/2− and 15/2− states in646

both interactions (see Table IV) emphasize the πg2
7/2 → πg2

7/2647

character of the 19/2−1 → 15/2−1 transition which B(E2) is648

well-reproduced by both calculations (see Table III). For the649

19/2−2 state, the occupancy of the d5/2 orbital is predicted to650

be much larger by the SN100PN calculation. Likewise, the651

observed high-spin level structures in 135Xe and 137Ba are in-652

terpreted as the coupling of the h11/2 neutron hole to proton653

configurations. However, the theoretical wave functions of the654

high-spin states are much more complex and fragmented than655

in 133Te. While the character of the 19/2− → 15/2− transition656
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Table III. Summary of the experimental and theoretical results for B(E2; 19/2− → 15/2−) values of 133Te, 135Xe, and 137Ba. Experimental
γ-ray transition energies are taken from Refs. [15, 23, 37]. The experimental results are compared to shell-model calculations employing (i)
the PQM130 interaction [3] and (ii) the SN100PN interaction by Brown et al. [1]. In the SN100PN calculations effective neutron and proton
charges are eν = 0.81e and eπ = 1.52e. Experimental B(E2) values are corrected for internal conversion [69]. See text for details.

A Ei (keV) Experiment Jπ
i
→ Jπ

f
Theory

This work / Previous work PQM130 SN100PN

T1/2 (ns) B(E2) (W.u.) Ei (keV) B(E2) (W.u.) Ei (keV) B(E2) (W.u.)

133Te 1610.4 100(5) 2.58(29)
19/2−1 → 15/2−1 1798 2.26 1606 2.58

19/2−2 → 15/2−1 2171 0.02

135Xe 2058 9.0(9) 0.52(6)
19/2−1 → 15/2−1 2231 0.49 1972 0.02

19/2−2 → 15/2−1 2449 2.29 2171 1.94

137Ba 2349.9 589(20) 0.46(3)
19/2−1 → 15/2−1 2595 0.31 2105 0.01

19/2−2 → 15/2−1 2688 0.41 2452 1.19
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Figure 11. (Color online) Decomposition of the total angular mo-
mentum of the 15/2−1 , 19/2−1 , and 19/2−2 states in 133Te, 135Xe, and
137Ba into their neutron (Iν ) and proton (Iπ ) spin components in the
SN100PN calculation. The area of the boxes corresponds to the per-
centage of the particular Iν ⊗ Iπ configuration. Percentages above
1% are shown; percentages of the largest component are also given
in numbers for scale.

is clear for 133Te, it is not trivial for 135Xe and 137Ba. In 135Xe,657

the first two 19/2− states are predicted by the PQM130 inter-658

action to consist mainly (64%) of the (νh−1
11/2⊗πg

4
7/2) configu-659

ration, approx. 23% of the (νh−1
11/2 ⊗ πg

3
7/2d1

5/2) configuration,660

and about 9% of the (νh−1
11/2 ⊗ πg

2
7/2d2

5/2) configuration. The661

SN100PN interaction computes the 19/2−1 state as a mixture662

of 42% (νh−1
11/2 ⊗ πg

4
7/2) and 26% (νh−1

11/2 ⊗ πg
3
7/2d1

5/2) con-663

figurations. The 19/2−2 state is predicted to have a dominant664

51% νh−1
11/2 ⊗ πg

3
7/2d1

5/2 and a 26% νh−1
11/2 ⊗ πg

4
7/2 config-665

uration. Couplings of the νh−1
11/2 hole to proton configura-666

tions with spins of 4+ (28%), 5+ (13%), and 6+ (54%) con-667

tribute to the configuration of the 19/2−2 state. The calculated668

B(E2; 19/2−2 → 15/2−1 ) value reproduces the experimental669

transition strength better than the decay of the correspond-670

ing 19/2−1 state, although overestimating it. The SN100PN671

interaction predicts in 135Xe a higher degree of d5/2 occu-672

pancy than in 133Te (see Table IV). A similar situation is673

found in 137Ba, suggesting a reduced spacing between the674

πg7/2 and πd5/2 orbitals. Both the SN100PN and PQM130675

interactions predict the 19/2−1,2 states in 137Ba to mainly con-676

sist of the (νh−1
11/2 ⊗ π(g7/2d5/2)6) configuration. The con-677

figurations are predicted to be highly fragmented. Like in678
135Xe, the occupation numbers are almost the same between679

the two 19/2− states, but internal couplings are different. The680

g6
7/2 configuration is nearly missing in the SN100PN calcu-681

lation which is a further evidence for easy redistribution of682

protons from g7/2 to d5/2 orbitals, i.e. these orbitals are close683

together. Continuing the analogy to the isomeric 6+ → 4+
684

decays along the N = 82 isotones, the SN100PN interaction685

yields the transition probability of the 19/2−1 → 15/2−1 de-686

cay to be 0.02 W.u. in 135Xe and 0.01 W.u. in 137Ba, miss-687

ing the experimental transition strengths (see Table III) by688

an order of magnitude, but are very similar to the measured689

values of B(E2; 6+ → 4+) = 0.013(1) W.u. in 136Xe [72]690

and 0.055(7) W.u. in 138Ba [73]. Therefore, we assume that691

the calculated proton configurations follow the nuclear struc-692

ture of the closed N = 82-shell nuclei, validating the proton-693

proton part of the SN100PN interaction. Thus, most proba-694

bly, the proton-neutron part falls short in reproducing the de-695

cay features of the isomeric states in 135Xe and 137Ba. Sim-696

ilar conclusions were discussed in Ref. [74]. There, the p-n697

monopole part of the SN100PN interaction was replaced by698

new shell-model developments. The new interaction com-699

bines the well-established proton-proton part of the SN100PN700

interaction with the semi-empirical SNBG3 neutron-neutron701
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Table IV. Average proton occupation numbers in each single-particle
orbit of the gdsh model space for the 15/2−1 , 19/2−1 , and 19/2−2 states
in 133Te, 135Xe, and 137Ba, calculated using the SN100PN and the
PQM130 interactions.

Isotope Jπ g7/2 d5/2 d3/2 s1/2 h11/2

PQM130
133Te 15/2−1 1.96 0.01 0.02 0.00 0.00

19/2−1 1.97 0.02 0.01 0.00 0.00

19/2−2 1.96 0.02 0.02 0.00 0.00
135Xe 15/2−1 3.28 0.51 0.12 0.03 0.06

19/2−1 3.45 0.39 0.08 0.02 0.06

19/2−2 3.28 0.55 0.08 0.03 0.06
137Ba 15/2−1 4.06 1.46 0.23 0.12 0.13

19/2−1 4.36 1.30 0.15 0.06 0.13

19/2−2 4.37 1.28 0.15 0.07 0.13

SN100PN
133Te 15/2−1 1.90 0.06 0.02 0.01 0.01

19/2−1 1.88 0.11 0.01 0.00 0.00

19/2−2 1.09 0.89 0.01 0.01 0.00
135Xe 15/2−1 3.00 0.69 0.12 0.05 0.14

19/2−1 3.05 0.71 0.09 0.03 0.12

19/2−2 2.97 0.84 0.07 0.03 0.09
137Ba 15/2−1 3.48 1.81 0.25 0.13 0.34

19/2−1 3.75 1.70 0.18 0.08 0.28

19/2−2 3.74 1.67 0.19 0.10 0.30

interaction by Honma et al. [75] and the novel universal VMU702

interaction [76] for the proton-neutron part. The SNBG3 in-703

teraction is obtained by combining the N3LO interaction with704

a χ2 fit of levels including 3− states in 50 < N < 82 Sn705

isotopes. The interaction successfully described the shell evo-706

lution along Sb isotopes [74] and may provide insight in Xe707

and Ba isotopes in the future.708

V. CONCLUSIONS709

In summary, four experiments employing the 136Xe + 198Pt,710
136Xe + 208Pb, and 136Xe + 238U multinucleon-transfer reac-711

tions as well as the 11B + 130Te fusion-evaporation reaction712

were used to measure lifetimes of high-spin isomers and to es-713

tablish high-spin states in 135Xe and 137Ba. Several new levels714

and γ-ray transitions are assigned to 135Xe. The level scheme715

of 137Ba is extended up to an excitation energy of 5.0 MeV.716

The half-life of the 2058-keV (19/2−) state in 135Xe is mea-717

sured to be 9.0(9) ns, corresponding to a transition probability718

of B(E2,19/2− → 15/2−) = 0.52(6) W.u. The identifica-719

tion of this isomeric state completes the systematics for the720

N = 81 isotones. Large-scale shell-model calculations em-721

ploying the novel PQM130 interaction perform well in pre-722

dicting electromagnetic transition probabilities of high-spin723

isomers in the N = 81 isotones that cannot be reproduced by724

the SN100PN interaction. Some ambiguities remain for the725

interpretation of high-spin states in both interactions. In the726

future, a novel microscopic effective interaction by Utsuno,727

Otsuka, Shimizu et al. [74] may provide a more unified de-728

scription of the 50 ≤ Z,N ≤ 82 shells.729

Although 137Ba and 135Xe are stable or located between two730

stable isotopes, respectively, there is a lack of beam and tar-731

get combinations to populate high spins via nuclear reactions.732

Refined detection capabilities are needed to address these in-733

deed hard-to-reach nuclei via MNT or fission reactions. In734

future, detailed angular correlation and polarization measure-735

ments are desirable to determine proper spin, parity, and mul-736

tipolarity assignments. In perspective, the extended AGATA737

spectrometer coupled to the Variable Mode Spectrometer at738

the Grand Accélérateur National d’Ions Lourds will allow for739

a more detailed spectroscopy of the N = 81 nuclei.740
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inucleon transfer reactions: Present status and perspectives,”947

Nucl. Instr. Meth. Phys. Res. B 317, Part B, 743 – 751 (2013).948

[48] I-Yang Lee, “The GAMMASPHERE,” Nucl. Phys. A 520, c641949

– c655 (1990).950

[49] M. W. Simon, D. Cline, C. Y. Wu, R. W. Gray, R. Teng, and951

C. Long, “CHICO, a heavy ion detector for Gammasphere,”952

Nucl. Instr. Meth. Phys. Res. A 452, 205 – 222 (2000).953

[50] L. Netterdon, V. Derya, J. Endres, C. Fransen, A. Hennig,954

J. Mayer, C. Müller-Gatermann, A. Sauerwein, P. Scholz,955

M. Spieker, and A. Zilges, “The γ-ray spectrometer HORUS956

and its applications for nuclear astrophysics,” Nucl. Instr. Meth.957

Phys. Res. A 754, 94 – 100 (2014).958

[51] A. Gadea, E. Farnea, J.J. Valiente-Dobón, B. Million, D. Men-959

goni, D. Bazzacco, F. Recchia, A. Dewald, Th. Pissulla,960

W. Rother, G. de Angelis, et al., “Conceptual design and in-961

frastructure for the installation of the first AGATA sub-array at962

LNL,” Nucl. Instr. Meth. Phys. Res. A 654, 88 – 96 (2011).963

[52] A. Wiens, H. Hess, B. Birkenbach, B. Bruyneel, J. Eberth,964

D. Lersch, G. Pascovici, P. Reiter, and H.-G. Thomas, “The965

AGATA triple cluster detector,” Nucl. Instr. Meth. Phys. Res. A966

618, 223 – 233 (2010).967

[53] B. Bruyneel, B. Birkenbach, and P. Reiter, “Pulse shape anal-968

ysis and position determination in segmented HPGe detectors:969

The AGATA detector library,” Eur. Phys. J. A 52, 70 (2016).970

[54] A. Lopez-Martens, K. Hauschild, A. Korichi, J. Roccaz, and971

J.-P. Thibaud, “γ-ray tracking algorithms: a comparison,” Nucl.972

Instr. Meth. Phys. Res. A 533, 454 – 466 (2004).973

[55] A. Vogt, B. Birkenbach, P. Reiter, L. Corradi, T. Mijatović,974
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