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The transitional nuclei 13?Xe and !33Xe are investigated after multinucleon-transfer (MNT) and fusion-
evaporation reactions. Both nuclei are populated in (i) 39Xe+208Pb MNT reactions employing the high-
resolution Advanced GAmma Tracking Array (AGATA) coupled to the magnetic spectrometer PRISMA, (ii)
in the 139Xe+198Pt MNT reaction employing the GAMMASPHERE spectrometer in combination with the
gas-detector array CHICO, and (iii) as an evaporation residue after a 30T, xn) 134-*1 Xe fusion-evaporation
reaction employing the HORUS +y-ray array at the University of Cologne. The high-spin level schemes are con-
siderably extended above the J™ = (77) and (10") isomers in 132Xe and above the 11/2 isomer in !33Xe. The
results are compared to the high-spin systematics of the Z = 54 as well as the N = 78 and N = 79 chains. Fur-
thermore, evidence is found for a long-lived (T > 1 us) isomer in 133Xe which closes a gap along the N = 79
isotones. Shell-model calculations employing the SN100PN and PQM130 effective interactions reproduce the
experimental findings and provide guidance to the interpretation of the observed high-spin features.

PACS numbers: 23.20.Lv, 27.60.4j, 29.40.Gx,



49 I. INTRODUCTION

s The 50 < N, Z < 82 region of the Segre chart, spanning the
nuclei north-west of doubly-magic 3?Sn, is an intriguing study
s2 ground to test the suitability and predictive power of nuclear
models at both low and high spins. Low-spin excited states
in the nearly spherical nuclei near proton- and neutron-shell
ss closures are well described as anharmonic vibrations [1] with
a gradual change to rotational structures further away from the
s7 closed shells. Further on, quasiparticle excitations play a key
ss role and are responsible for the presence of yrast-trap isomers.
These long-lived states interrupt and fragment the decay flux in
spectroscopic investigations. High-j couplings involving the
s unique-parity /1, neutron-hole orbital give rise to a wealth
e of high-spin states with multi-quasiparticle character. In par-
ticular, detailed knowledge of isomers is crucial to ascertain
the active quasiparticle configurations in the specific nucleus.
s 132Xe and '33Xe are located in the proton midshell between
e the Z = 50 shell and the Z = 64 sub-shell closures. Three
¢ and four neutrons away from the N = 82 shell closure, the
e respective Xe isotopes have come within reach of advanced
untruncated shell-model calculations. Several recently devel-
7 oped effective shell-model interactions [2—7] take aim toward
a unified description of the 50 < N, Z < 82 region.

2 The available data on low-spin states in both 32Xe and '3*Xe
originate from earlier work employing 8 decay, Coulomb ex-
citation [8—10], and neutron scattering [11]. Intermediate-
spin states were investigated via '*°Te(a,2ny) [12] and
13OTe(cy, ny) [13] reactions, respectively. The lack of suit-
able stable beam-target combinations obstructs the population
of high-spin states via fusion-evaporation processes involving
higher-mass reaction partners. Multinucleon-transfer (MNT)
reactions offer an efficient gateway to moderately neutron-rich
nuclei that cannot be reached by means of fusion-evaporation
reactions. These heavy-ion collisions proved to be capable
of populating both high spins and excitation energies. The
identification of the often elusive multinucleon-transfer chan-
nels takes advantage of the high analyzing power of modern
detector arrays and mass spectrometers [14, 15].

& Isomeric J* = 10* states were reported in all even-mass
@ N = 78 isotones from '?8Sn up to '4?Gd. The states are inter-
preted as fully-aligned vhl‘lz/2 two-neutron hole configurations.
A decreasing trend in lifetimes is observed with increasing pro-
ton number Z [12, 16-22]. Compared to the other N = 78
isotones, the yrast 107 state in '**Xe has an exceptionally long
half-life of T /> = 8.39(11) ms [23] and decays predominantly
via an 538-keV E3 y ray to the (7) state, whereas the location
of the 8;' state in the level scheme is still unknown [8]. In fact,
the long half-life suggests that the 10} state might be located

very close to the 8;’ state. The (7) state in 132Xe is also an
isomer with a half-life of 7}/, = 87(3) ns and a v(hl‘ll/2 d;/lz)
configuration [12, 24].
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For the odd-mass 50 < N,Z < 82 nuclei, a long-lived
11/2~ isomer above the 3/2* ground state is a typical fea-
ture which is also present in '33Xe at 233.221(15) keV with a
half-life of 2.198(13) days [9]. Lonnroth et al. [13] assigned
three y rays with energies of 247.4, 947.8, and 695.2 keV
to form a (23/27) — 19/27 — 15/2] — 11/2] cascade
on top of the 11/27 isomer. Firm spin-parity assignments in
the intermediate-spin regime were made up to J* = 19/27.
Along the N = 79 chain (partial level schemes presented in
Fig. 1(a) to (f)), J* = (23/2*) isomers were reported in '*Sn
(Ti2 = 2.22(14) ps at 1762 keV) [25, 26], 13! Te (93(12) ms at
1941keV) [27], and '¥Nd (277(2) ns at 2617 keV) [28]. These
states are explained as v(hl‘f/zd; /12) configurations [26, 29, 30].
Further J™ = 19/2* isomers below and J™ = 27/2~ isomers
above the 23/2" state were observed with half-lives in the ns
to us regime in '2°Sn [31, 32].

First spectroscopic data on the (23/2*) isomer in 3!'Te
were obtained in a *Ni+'3%Te multinucleon-transfer exper-
iment at the GASP y-ray spectrometer [33]. A 361-564-
833-keV triple coincidence was assigned to a (21/27) —
(19/27) — (15/27) — 11/2~ band based on isotopic sys-
tematics. A delayed component (T7,, > 1 us) in the off-beam
spectra led to the assumption that a 23/2* isomer was lo-
cated above the (21/27) state. Fogelberg et al. determined
a very long half-life of 93(12) ms employing thermal fission
of U isotopes at the OSIRIS mass separator [34] and assigned
an E3 character to the 361-keV transition. Furthermore, a
conversion-electron measurement corroborated that only the
361-keV transition is the delayed transition depopulating the
(23/2%) state. Finally, the 15/27 and 19/27 levels were con-
firmed and a prompt negative-parity cascade was added to
the level scheme by Astier et al. [29]. The half-life of the
(23/2%) state was constrained to be longer than 10 ps and the
decay to the 19/27 state was reaffirmed to be of M2 character.
Based on the OSIRIS result, a reduced transition strength of
B(M2;23/2} — 19/27) =2 x 107® W.u. was deduced [29].

The elusive 23/2* isomer in '3°Nd was first reported by
Miiller-Veggian et al. who observed along-living delayed com-
ponent in off-beam y+y-coincidence spectra and reported a first
lower half-life limit [35]. Later, the isomer’s location was con-
strained to be above the 19/2] state and a first precise half-life
of T1/2 = 272(4) ns could be obtained [36]. Recently, in 2013,
Vancraeyenest et al. [30] confirmed these results employing
the sophisticated Jyviskyld recoil-decay tagging setup. The
group finally achieved an unambiguous placement of the iso-
mer in the level scheme as it is populated by the decay of three
higher-lying (25/27) states. In '3’Ce, a J = (31/2) state was
observed to be isomeric with a half-life of 5 ns [37]. Up to
now, no high-lying isomeric states were reported for '33Xe
and '3°Ba. Any experimental information on high-spin states
is missing for '32Xe beyond 2.8 MeV and for '**Xe beyond
2.1 MeV. The scarce experimental data 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 for the
high-spin regimes of '3>Xe and '’*Xe. Excited states of
132Xe and 33Xe were populated in three different exper-
iments: The combination of the high-resolution position-
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Figure 1. Comparison of high-spin states and isomer half-lives along the N = 79 isotones ranging from 12%Sn to 13°Nd; data taken from
Refs. [13, 25, 28-30, 32, 38—40]. Tentative assignments are written in parentheses. See text for details.

sensitive Advanced GAmma Tracking Array (AGATA) [41]
and the PRISMA magnetic mass spectrometer [42-44] was
employed to study the nuclei after '*Xe + 2¥Pb multinu-
cleon transfer. Moreover, excited states in both nuclei were
populated after a '*Xe + '8Pt MNT reaction employing
the GAMMASPHERE+CHICO setup [45, 46] at Lawrence
Berkeley National Lab (LBNL). The 'Te(e, n)'*3Xe and
130Te(a, 2n)'32Xe fusion-evaporation reactions were utilized
in a third experiment employing the High-efficiency Obser-
vatory for y-Ray Unique Spectroscopy (HORUS) [47] at the
Institute of Nuclear Physics, University of Cologne.

During the preparation of this manuscript, we became aware
of a parallel study of '3*Xe by Reed, Lane et al. [48]. The
results are consistent with those presented in the current work.

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 com-
parison with modern shell-model calculations is presented in
Sec. IV before the paper closes with a summary and conclu-
sions.

II. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

132Xe and '*3Xe were populated in a '30Xe + 2%Pb
multinucleon-transfer experiment at the Laboratori Nazion-
ali di Legnaro, Italy. In this experiment, a 6.84 MeV/nucleon
136Xe beam was accelerated by the PIAVE+ALPI accelera-
tor complex onto a 1-mg/cm” 2%8Pb target. The Advanced
GAmma Tracking Array (AGATA) [41] in a first demonstrator
configuration [49] was placed at a distance of 18.8 cm from the
target position to measure y rays from excited states. The array
consisted of nine large-volume electronically segmented high-
purity Ge (HPGe) detectors in three triple cryostats [50]. An
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isotopic identification of the nuclei of interest was provided
by the magnetic spectrometer PRISMA placed at the reac-
tion’s grazing angle of 8, = 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. Pulse-
shape analysis of the digitized detector signals was applied to
determine the individual interaction points within the HPGe
shell [51], enabling the Orsay forward-tracking algorithm [52]
to reconstruct the individual emitted y-ray energies, deter-
mine the first interaction point of the y ray in the germanium
and, thus, the emission angle. Together with the kinematic
information from PRISMA, a precise Doppler correction is
performed. Furthermore, the fully reconstructed momentum
vector of the ejectile nucleus enables a reconstruction of the
total kinetic energy loss (TKEL) of the reaction by assuming
a binary process and by incorporating the excitation energies
of both binary partners. The TKEL is defined as the reaction’s
Q-value distribution with an opposite sign [43, 53].

In a second experiment, the 88-Inch cyclotron facility at
LBNL provided a 6.25-MeV/nucleon '*°Xe beam that im-
pinged onto a 92% isotopically enriched self-supporting 420-
ug/cm? 98Pt target. The GAMMASPHERE array, which in
this experiment consisted of 103 Compton-suppressed HPGe
detectors, was employed for y-ray spectroscopy [45]. Both
polar and azimuthal angles and the time-of-flight difference
Attor between the detection of beam-like and target-like reac-
tion products were measured with the gas-filled parallel plate
avalanche chamber ancillary detector CHICO, allowing for
an event-by-event Doppler-shift correction for emitted y rays.
The time window for prompt events was set +45 ns around the
master trigger requiring three prompt y rays and the binary
fragments being detected in CHICO, the one for the delayed
v rays was set from 45 to 780 ns. Further details are given in
Ref. [24]. The data of the experiment were sorted into four
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two-dimensional matrices gated on beam-like fragments: (i)
an in-beam Doppler-corrected prompt yy matrix, (ii) an out-
of-beam delayed-delayed yy matrix, (iii) a delayed-prompt yy
matrix, and (iv) a delayed y-time matrix. The RADWARE analy-
sis software [54] was used to project and background-subtract
the gated spectra.

Furthermore, '*?Xe and '*3Xe were populated via the
fusion-evaporation reaction *°Te(a, xn)!3**"Xe, employing
a 19-MeV « beam delivered by the FN Tandem accelerator
located at the Institute for Nuclear Physics, University of
Cologne. The '*°Te target with a thickness of 1.8 mg/cm?
was evaporated onto a 120 mg/cm? thick Bi backing plus a
132 mg/cm? thick Cu layer for heat dissipation. All resid-
ual reaction products as well as the beam were stopped inside
the Bi backing. y rays from excited states were measured em-
ploying the Cologne fast-timing setup, comprising eight HPGe
detectors from the HORUS array [47] and eight LaBr3:Ce scin-
tillators. The count rate of the individual HPGe crystals was
maintained around 20 kHz during the experiment. 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 analyzed offline using
the soco-v2 [55, 56] and Tv [57] codes. Recorded y rays were
sorted into (i) a general symmetrized two-dimensional ma-
trix to study y7y coincidence relations, (ii) a three-dimensional
cube, and (iii) a total of six group matrices each correspond-
ing to different relative angles 61, 6,, and ¢ between all HPGe
detector pairs with respect to the beam axis to investigate mul-
tipolarities via angular correlations.

/ ¥ \ unobserved
Ji—1—0O
¢ ) > Y1 | 6
01 beam axis J, —F——
Y2 | o7
J3 ———
\‘71 unobserved

Figure 2. Correlation of two coincident y rays between excited states
of spin J;. The transitions are further characterized by their multipole-
mixing ratios ¢; (adapted from Ref. [58]).

Spins and parities of excited states are investigated with
the yy angular-correlation code corLEONE [59, 60] employing
the DCO (directional correlation from oriented states) formal-
ism based on the phase convention by Krane, Steffen, and
Wheeler [61, 62]. The angular distribution of two coincident
v rays in a recoiling nucleus, subsequently emitted from the
initial state J; through an intermediate state J, to the final state
Js, is described by the following equation:

W(61, 62, ¢) (D

= Z Ba, (J)A (71, 61) A, (v2: 62)Haa, 4, (61, 02, 6)
A,41,42

where B,, (J1) is a statistical tensor describing the orientation
of the initial state with respect to the orientation axis. Corre-
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lation coefficients A:IMZ and A,, parametrize the spins J; and

multipole-mixing ratios ¢; of the corresponding transitions
between the excited states of interest. The angular-correlation
function Hpa, 4,(01, 62, ¢) depends on the polar angles of emis-
sion 6; and 6, of y; and 7y, in the polarization plane and on
the azimuthal rotation ¢ of the emission (cf. Fig. 2 for further
definition). The tensor ranks A; and A, describe the orienta-
tion of the states J; and J> and A is defined as the tensor rank
of the radiation field. Detailed expressions for the coefficients
Aj“lz, Ap,, By, and Hjy,a, are given in Ref. [62]. Differ-
ent hypotheses of involved spins and multipole-mixing ratios
are evaluated in y? fits of experimental transition intensities
in the different angular-correlation groups to the correlation
function W(6y, 62, ¢) = W(Jy, Ja, J3, 01,62, 0). The parame-
ter o denotes the width of the alignment distribution, i.e. the
distribution of the magnetic substates m of J;.

A small anisotropic behavior of theoretically isotropic y-
ray transitions required a correction of the measured intensi-
ties in the individual angular-correlation groups [63]. This
anisotropy of the efficiency-corrected intensities is mainly
caused by different dead times in the digital data-acquisition
system as count rates differed between the *?°Ra efficiency-
calibration source run and the actual experiment. A fit to
the well-known 47 — 27 — 0} cascade in 132%e. com-
prising two pure electric quadrupole transitions, was used to
renormalize the initial efficiency-corrected intensities of the
angular-correlation groups to their theoretical values with the
assumption that both transitions are of pure E2 character. The
anisotropy corrections are in the order of 2% to 11% and sub-
sequently applied to fits of other cascades.

III. RESULTS

A. 132Xe

A partial level scheme of 13?Xe obtained in the present work
is displayed in Fig. 3 (followed by the level scheme for 133Xe in
Fig. 4). Intensities above the isomers are extracted from the in-
beam '39Xe + 2%8Pb data and normalized to the intensity of the
650-keV transition. Correlations of the reconstructed TKEL
with coincident prompt in-beam 7y rays of AGATA allow the
total excitation energy of the nucleus of interest to be restricted.
Gates on different TKEL regions either suppress or enhance y-
ray transitions between states with different excitation energies
and angular momenta. Due to the presence of the two long-
lived isomers in the level scheme of '3?Xe, TKEL gates allow
for a discrimination between y-ray transitions below and above
the isomeric states. AGATA y-ray spectra of '3?>Xe identified
in PRISMA are presented in Figure 5 with gates on (a) small
TKEL and (b) large TKEL. The applied gates are shown in
the corresponding insets. The 668-keV 2] — 07, 727-keV
5;' — 41’, and 773-keV 4T — 2;’ transitions dominate the
low-TKEL gated y-ray spectrum which can be attributed to
the low-spin structure below the isomers [8]. In contrast, all
transitions between low-spin states are completely suppressed
with the gate on large TKEL. Seven new y-ray transitions with
energies of 208, 298, 476, 559, 650, 1133, and 1240 keV are
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Figure 3. Partial level scheme of 132Xe with the newly observed y rays above the 8.39(11)-ms (101+) and 87-ns (7]) isomers. Energies are
given in keV. Intensities above the isomers are extracted from the in-beam '30Xe + 28Pb AGATA data and normalized to the intensity of the
650-keV transition.
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Figure 4. Partial level scheme of 133Xe. Energies are given in keV. Intensities above the isomers are extracted from the in-beam '3¢Xe + 208pp
AGATA data and normalized to the intensity of the 695-keV transition.
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Figure 5. Left: AGATA y-ray spectra for 132Xe identified with PRISMA after the '3%Xe + 298Pb MNT reaction. (a) Gate on small TKEL.
(b) Gate on large TKEL,; the transitions below the long-lived (10%) and (77) isomers are not present any more. The applied gates on
the TKEL distributions are presented in the insets (c,d). Previously unknown vy rays are labeled with italic characters. Right, (e, f, g):
Prompt GAMMASPHERE yy coincidences from the 130Xe + 198Pt experiment, gated on 650, 1133, and 1240 keV. (h) Delayed-prompt
GAMMASPHERE coincidence spectrum with a gate on the delayed 668-keV 21’ — 0;“ transition. Asterisks mark transitions not observed in

the HORUS and AGATA experiments. See text for details.

observed in this spectrum. A new 940-keV line is visible in
Fig. 5(a).

vy coincidences are exploited in the 3*Xe + 93Pt dataset.
The 650- and 1133-keV, as well as the 1240- and 476-keV tran-
sitions are mutually coincident. Corresponding gated spectra
are depicted in Figs. 5(e) to (h). Correlations of prompt tran-
sitions populating isomers with the respective de-populating y
rays were enabled by the '3°Xe + Pt experiment. Delayed-
prompt yy coincidences with a gate on the delayed 668-keV
2] — 07 transition are presented in Fig. 5(h). The 8.39(11)-ms
half-life of the (10*) isomer is too long to observe delayed-
prompt coincidences within the experimental time window.
Instead, a gate on the delayed transitions provides a spectrum
only containing the transitions feeding the 87(3)-ns 7~ isomer.
The corresponding half-life of the delayed component of the
668-keV transition used in the gate is validated to be 88(5) ns.
Consequently, the 940-keV transition is placed on top of the
2214-keV state. The line at 614 keV is identified as the decay
of a (7,8,97) state, previously observed in a B-decay study
of 132 [64]. Other lines visible in Fig. 5(h) at 348, 373,
402, 451, 783, and 869 keV are not observed in the AGATA
spectra. Since the high-lying 650-, 1133-, 476-, and 1240-
keV +y-ray transitions are not present in the delayed-prompt
coincidence spectrum, these transitions have to feed the (10%)
isomer. The intensity balance suggests the 1133-keV transition
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to be placed above the 650-keV vy ray feeding the (10*) isomer.
Furthermore, the 1133-keV transition is in coincidence with
another close-lying line at 1130 keV. A peak at 1130 keV is also
visible in the AGATA data, thus, the transition is tentatively
placed on top of the 4535-keV state. With no connection to the
1133-650-keV cascade, the 1240- and 476-keV y-ray cascade
is tentatively placed parallel, assuming no unobserved low-
energy y ray. A 298-keV transition feeds the new 3402-keV
state. Excited states above the (107) level were not measured
in the HORUS experiment.

B. 133Xe

The level scheme of '>3Xe obtained in the present work is
presented in Fig. 4. Again, intensities are extracted from the
in-beam '3Xe + 28Pb data and normalized to the intensity of
the 695-keV transition. AGATA y-ray spectra of '3*Xe identi-
fied in PRISMA are presented in Fig. 6 with gates on (a) small
TKEL and (b) large TKEL. The applied gates are shown in
the corresponding insets (c) and (d). The small-TKEL gated
spectrum exhibits several transitions between known positive-
parity states with small excitation energies. Peaks located at
695.2 and 947.6 keV are identified as members of the pre-
viously known negative-parity band on top of the long-lived
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Figure 6. AGATA y-ray spectra of 133Xe selected by PRISMA with gates on (a) small TKEL and (b) large TKEL; corresponding TKEL
spectra in (c) and (d) with gates marked in black. Previously unknown y-ray transitions are labeled with italic characters. Arrows label the
supposed positions of the 231- and 247-keV y-ray transitions. (e,f,g): GAMMASPHERE prompt yy coincidences with gates on 948, 1253,
and 468 keV. (h,j,k): HORUS prompt y7y coincidences with gates on 695, 948, and 1160 keV. Contaminations originating from the dominating

2n evaporation channel 132Xe are labeled with filled black circles.

11/27 state. The intensities of these 15/2]7 — 11/27 and
19/27 — 15/27 transitions are significantly enhanced in the
spectrum gated on large TKEL. Further previously unknown
peaks at 450.9, 464.7, 467.7, 654, 908.0, 941, 1096, 1160, and
1253.2keV are observed in Fig. 6(b). An analysis of the prompt
vy matrix obtained with GAMMASPHERE yields coinci-
dences between the 695.2- and 947.7-keV v rays and the newly
observed 450.9- and 908.0-keV transitions [cf. Fig. 6(e)]. The
908.0-keV transition has to be placed on top of the 1876.1-keV
state which is further supported by the HORUS yy coinci-
dences. As presented in Figs. 6(h) and 6(j), both gates on
695 and 948 keV show coincident 908-keV peaks. Vice versa,
a gate on 908 keV, although contaminated by the 910.1-keV
decay of the 2350.6-keV level in '*2Xe [8], shows clear mutual
coincidence with the two established y-ray transitions. Also
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the 695-, 1160- and 311-keV y-ray transitions are coincident
with each other in y7y gates [cf. Figs. 6(h) and 6(k)]. The newly
established state at 2089 keV decays via a 213-keV y-ray to
the 19/27 state. The 213-keV transition also appears in the
prompt GAMMASPHERE data in gates on 695 and 948 keV.

As observed in the prompt GAMMASPHERE vy coinci-
dences in Figs. 6(f) and (g), the 1253-keV y-ray transition is
mutually coincident to the ones at 465 and 468 keV. More-
over, these three y-rays appear only for gates on large TKEL
in Fig. 6(b). Thus, the transitions have to be located at com-
paratively large excitation energies. However, there is no con-
nection to any previously observed vy ray, neither to the bands
based on the previously known positive-parity states, nor to
the negative-parity states above the 11/2] state. This obser-
vation corroborates the presence of a yet unobserved isomer



% in 13 Xe, fed by the 464.7-, 467.7-, and 1253.2-keV y rays.
a7 A 390-keV transition is coincident to 468 and 1253 keV and
aes placed parallel to the 465-keV transition. Based on intensity
relations and y7y coincidences, the 451- and 941-keV transi-
tions are placed parallel feeding the 2784-keV state. The 654-
and 1096-keV y-ray transitions are not visible in the coinci-
dence data. None of the known transitions between low-spin
or negative-parity intermediate-spin states appear in the de-
layed GAMMASPHERE data. Consequently, in accordance
with previous studies performed with the GAMMASPHERE
dataset [24], the half-life of the new isomer is estimated to be
T] /2 > 1 us.
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Strong peaks at 231- and 247-keV are mutually coincident
with 695- and 948-keV lines in the HORUS dataset. The
231-keV transition is not to be confused with the isomeric
233.2-keV transition from the 11/2] state to the ground state,
which is too weak to be observed. No coincidence is found
with the 908-keV vy ray. Moreover, triple-y coincidences and
intensity relations support the placement of a 440-keV vy ray on
top of the 247-keV transition. Although these transitions are
clearly visible in the HORUS coincidence data, neither of them
are observed in the AGATA nor in the GAMMASPHERE in-
beam data. Arrows mark the expected positions in Figs. 6(a)
and 6(b). The 247-keV vy ray was first reported by Lonnroth et
al. [13]. The group measured an £ = 2 multipolarity and
assigned a (23/27) — 19/27 transition. An M2 character was
excluded since no delayed component was observed in the data.
Due to the prompt character of the 213- and 908-keV transitions
in both AGATA and GAMMASPHERE experiments, both the
2089- and 2784-keV states can be excluded to be isomeric or
as a corresponding decay path of an isomeric state.
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Spin assignments can be tested in the HORUS experiment
with the procedure discussed in Sec. II. Angular-distribution
functions W (61, 60>, ¢) of two coincident y-ray transitions are
fitted to experimental y-ray intensity distributions obtained by
gates on depopulating transitions in the y7y-coincidence ma-
trices of six angular-correlation groups. Figure 7(a) shows a
benchmark angular-correlation fit of the 727-keV 57 — 47
decay from the quasi-y band of '3?Xe. Anisotropy correc-
tions to the intensity distributions, applied to all six angular-
correlation groups, are validated in this way. The fit of a
5* 2 4+ B2 e hypothesis yields a good agreement with
the experimental distribution. Moreover, the obtained E2/M 1
multipole-mixing ratio of §eyp, = +0.40(5) compares well with
the evaluated value of oy, = +0.41f; [8]. Similarly, Fig. 7(b)
shows angular correlations for the 247-948-keV cascade in
133Xe. Obviously, a pure E2 transition does not fit the data.

ws A 19/2 o, 19/27 — 15/27 hypothesis with § = —0.69(11)
w (¥? = 0.8) yields the best agreement with the experimen-
ws tal W(61,0,, ¢) distribution. Nevertheless, based on the fit

ws quality, neither a 21/2 LA 19/2 scenario with § = +0.24(3)
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« (slightly worse agreement with y? = 3.7) nora 23/2 LA 19/2~
«o transition with § = —0.32(6) (y*> = 5.4) can be entirely ex-
w9 cluded. Statistics are not sufficient to perform fits for the 213-,
w0 231-, and 1160-keV y-ray transitions.
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Figure 7. (a) yy angular correlations for the 57 LR 47 £2, 27
727-773-keV cascade in 13%2Xe. Experimental values (data points)
are compared to calculated angular-correlation functions W(61, 6, ¢)
(lines) for six correlation groups (6, 6>, ¢) using the code CORLEONE.
The known multipole-mixing ratio of the 727-keV transition in 132Xe
is well reproduced by the corLEONE calculation. (b) Same as (a), but
for the 247-948-keV cascade in 133Xe. Several spin hypotheses are

[
plotted. The 19/2 — 19/27 — 15/27 hypothesis (solid line) with
6 = —0.69(11) yields the best agreement.

a1 IV. DISCUSSION

w2 Shell-model calculations for both positive- and negative-
w3 parity states were performed in the 50 < Z, N < 82 single-
s particle space generated by the valence nucleons occupying the
445 0g7/2, 1d5/2, 2S1/2, Ohll/z, and 1d3/2 orbitals. Two different in-
ws teractions were employed: (i) The first calculation was carried
«7 out using a phenomenological interaction, called PQM130
ws (Pairing+QQ+Multipole for mass region 130), constructed
from a pairing-plus-quadrupole interaction that consists of
ss0 Spherical single-particle energies, a monopole-pairing inter-
s action, a quadrupole-pairing interaction, and a quadrupole-
ss2 quadrupole interaction. It is combined with newly introduced
sss higher multipole-pairing interactions. Valence neutrons and
ss4 protons are treated as holes and particles relative to the closed
sss shells. Details on the calculation are given in Ref. [4]. (ii)
The second calculation was performed in the above men-
« tioned model space (also called jj55pn) outside '°Sn using
the jj5Spna Hamiltonian [2] (referred to as the SN100PN inter-
action) employing the computer code NUSHELLX @ MSU [65]
w0 Without any truncations. The SN100PN interaction is con-
s structed from a renormalized G matrix derived from the CD-
w2 Bonn nucleon-nucleon interaction [66]; single-particle ener-
sa gies are deduced from the experimentally observed level en-
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Figure 8. Comparison of experimental energy spectra with the results of shell-model calculations for (a) 132Xe and (b) 133Xe. Experimental
energy spectra are shown in the left panels. The mid panels present the results obtained with the PQM130 interaction [4]. The right panels show
the computed levels using the SN100PN interaction. For clarity, the states are separated into columns for the negative- and the positive-parity

states.

ergies in '33Sb and '3'Sn. The interaction has four parts:
neutron-neutron, neutron-proton, proton-proton, and Coulomb
repulsion between the protons.

A comparison of experimental energy spectra with the re-
sults of the shell-model calculations is presented in Fig. 8
for (a) 1*?Xe and (b) '**Xe. Both calculations reproduce the
hitherto known members of the yrast ground-state band of
132Xe quite well. Furthermore, both interactions reproduce
the position of the 57 state. However, the 3] and 47 states
are interchanged in the SN100OPN calculation, while in the
PQM130 calculation the 4; state is calculated to be above the
6. The negative-parity 57, 77, and 7; states are well repro-
duced by the SN100PN interaction; on the other hand, 5; and
7 states are permuted in the PQM130 calculation. Another
ambiguity remains for the ordering of the 7; and 87 states. The
experimental location of the 87 state is still experimentally un-
resolved. The SN100PN calculation predicts the state to be
degenerate with the 107 state in excitation energy, whereas the
PQM130 interaction computes the first two 8* levels below
the 107 state. Earlier pair-truncated shell-model calculations
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predicted the yrast 8 about 0.05 MeV above the 107 state [67].
The next even-even isotope '**Xe exhibits a 107 — 87 transi-
tion of 28 keV. Likewise, in '3°Te the corresponding transition
amounts to only 18 keV [17]. Backbending phenomena in the
yrast bands were observed systematically in '2>~13Xe, among
others, visible in a reduced energy spacing between the 8}
and 107 states [68]. It is explained by the band crossing of
the quasi-ground-state band with another quasiband with a
v(h%l /2) configuration [68]. As mentioned in Sec. I, the long

8.39(11)-ms half-life of the 10;r state and its dominant E3
decay to the 7] state even suggest a placement below the 8}
state. Therefore, each assignment above the IOT state is ten-
tative. Nonetheless, both shell-model calculations support a
147 — 121 — 107 assignment to the 1133-650-keV cascade
based on the predicted energy differences. Although the 107
state is under-predicted by 423 keV in the SN100PN calcula-
tion, the calculated transition energies of 1024 and 685 keV
match well the observed 1133- and 650-keV y-ray transitions.
The 107 state is predicted 29 keV above the 127 state by the
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PQM130 interaction, and 203 keV above by the SN100PN
calculation. Thus, the observed 476-1240-keV cascade might
be interpreted as the (123,137) — 117 — 107 decay. How-
ever, no conclusive assignment can be made, since foremost,
the exact position of the 8] state with respect to the 107 state
remains unclear.

Above the 7| isomer, the (7,8,9)” level at 2829 keV may
be interpreted as the 81‘ state. Therefore, the 3155-keV state is
most probably of spin 97. This assignment is also supported
by the PQM 130 interaction. Figure 9(a) shows the evolution
of the positive-parity ground-state band and of 7] and 97
states along the N = 78 isotones from Z = 50 to Z = 64.
Accordingly, positive-parity yrast states along the Xe chain
are shown in Fig. 9(b). The newly assigned states are marked
with thicker lines. The 97, 127, and 14} candidates in '**Xe fit
the systematics. Moreover, the systematics suggest the 5665-
keV level to be interpreted as the 16;r state. Nonetheless,
transposed 8} and 10} states could also fit into the isotone
systematics.

The level structure of the even-odd isotope '*3Xe is more
complex. Both interactions reproduce the low-spin positive-
parity states generally well but predict several possibly yrare
states in a reversed order with regard to the yrast levels. The
PQM130 interaction over-predicts the 233-keV 11/2] state
by 214 keV while the SN100PN interaction places the 11/2~
state at an excitation energy of only 35 keV. The SN100PN
interaction reproduces the 19/27 — 15/27 — 11/27 cascade
very well. Deviations amount only to 12 keV and 65 keV
for the 695 and 948-keV transitions, respectively. The 23/27
state is predicted to be located 766 or 466 keV above the
19/ 21‘ state by the SN100PN and the PQM130 interactions,
respectively. Additionally, the 21/2]7 — 19/2] transition is
computed as E, = 329 keV by the SN100PN or E, = 259 keV
by the PQM130 interaction. Therefore, the novel 908-keV
y-ray transition may be assigned to the decay of the 23/27
state. The 465-468-1254-keV cascade, unconnected to any
other band, implicates the existence of an isomer with a half-
life of Ty > 1 psin 133Xe. A prompt character excludes the
908-keV transition as following an isomeric decay. Hence, the
newly observed isomer is placed at 2107 + x keV. Excluding a
non-observed transition, it could either decay via a 440-247-
keV cascade or via the 231-keV transition to the 19/27 state.
An isomeric J* = 19/2;’ state with a half-life of 14(3) ns,
decaying into the 19/27 state, is observed in the neighboring
isotope 131Xe [27]. The (23/2*) state is observed well above
the isomer in this nucleus. Nevertheless, in both 33Xe and
the —2p isotone '3!Te, the SN10OPN as well as the PQM130
interaction predict the two unobserved 19/27 and 21/27 states
to be above the 23/2} state. Therefore, a 23/2] assignment
to the (2107 + x)-keV isomer is most likely. Based on angular
correlations, the 247-keV transition needs to be revised to be
either the decay of the 19/27 or the 21/2] state. The 19/2* —
19/27 or21/2* — 19/2~ assignments with multipolarity £ 1+
(M?2) cannot be necessarily excluded in the present angular-
correlation measurements, but the spin-trap character of the
23/27 state, as computed by both shell-model calculations,
obstructs this assignment. This makes a 440-247-keV two-
step decay via positive-parity states unlikely. Consequently,
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Figure 9. Evolution of excited states along the (a) N = 78 isotones
from Z = 50 to Z = 64, (b) along the Xe isotopes, and (c) along
the odd-mass N = 79 isotones. Data from Refs. [40, 69-71]. Newly
discovered states are marked with thick lines.

the 440-keV transition could be explained as the decay of a
higher-lying 21/27, state. The decay of the (23/2%) isomer
may proceed viaa 21/27 state (either via 231 or 440-247 keV).
This requires the presence of a yet unobserved low-energy
y-ray transition, which could also be highly converted. In
fact, the energy difference between the calculated 21/2] and
23/27 states amounts to only 125 keV in the PQM130 and
19 keV in the SN100PN interaction. Otherwise, the shell-
model calculations would also support the 231-keV transition
to be a long-lived (23/2%) — 19/27 decay with an assumed
M?2 multipolarity. Considering the single-step decay via a
361-keV v ray in 13!Te, isotone systematics suggest the 231-
keV transition to follow the (2107 + x)-keV isomer decay. In
133Xe for E, = 231 keV, the half-lifes corresponding to one
Weisskopf unit are 1.8 ps for an M2 and 32 ms for an E3
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Figure 10. Decomposition of the total angular momentum / = I ® I,
of the SN100PN calculation in their proton and neutron components
for several selected negative-parity states as well as the J™ = 23/2*

isomer candidate in (a) to (f) 131Te and (g) to (1) 133xe. Strongest ¢

components are labeled with corresponding percentages.

transition. Without experimental lifetime information, there
is yet no decisive distinction between these possibilities. In
the case of a 231-keV transition with pure M2 character, the
reduced transition strength is constrained to B(M2;23/2] —
19/27) < 1.4 Wa.

The nuclear structures of '>3Xe and the —2p isotone '3 Te
have similar characteristics. Figure 10 shows the decomposi-
tion of the total angular momentum / = I; ® I,, in their proton
and neutron components for several selected states in these two
nuclei using the SN100PN interaction. Although more frag-
mented in 133Xe, the structures of the negative-parity states
above J™ = 11/2] resemble the ones in '*'Te. The SN100PN
interaction predicts the 23/27 state in '**Xe to predominantly
have 56% stretched v23/2* @ 7 0* and 29% v 23/2* ® n2*
configurations. Neutron v(h11 143 /2) components account for
75% of the configurations. Significant proton configurations
coupled to this neutron configuration are 33% of 7rg;1 12 23%

of 7(g3,d3 ;) and 8% of m(g7,h7, ). Also, the occupa-
tion numbers of the PQM130 calculation support a dominant
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v(h? 1od; /2) neutron configuration. In the '*!Te isotone, the

SN100PN interaction locates the 23/ 2;’ state at 1870 keV,
close to the experimental value of 1941 keV. Here, the domi-
nant configuration is 69% v(h;; /2d3 /12) ® mgs /- The stretched

v23/2 ® n 0" character in the decomposition of the 23/27
state strongly hinders a decay to the other states whose neu-
tron configurations involve an 7, = 11/2 spin. The SN100PN
interaction computes the B(E2;19/27 — 15/27) value to be
154 ¢*fm* in 13! Te and reproduces the experimental transition
strength of B(E2;19/2] — 15/27) = 139j§3 e>fm* employ-
ing standard effective charges of e, = 1.5¢ and e, = 0.5e.
However, the small experimental B(M2;23/2% — 19/27)
value of 1.9 x 107® W.u. in 13! Te is overpredicted by two or-
ders of magnitude (8.8 x 1074 W.u.) considering free nuclear
g factors. A similar calculation for '3*Xe yields a branching
ratio of 81.2% for the 23/27 — 19/2] decay. The corre-
sponding theoretical M2 transition strength is 3.4 x 107> W.u.
Moreover, the transition strength to the 19/ 25 state, predicted
54 keV higher in energy than the calculated 19/27 state, is
computed to be 1.8 x 1073 W.u.

Similar to the N = 78 chain, Fig. 9(c) presents the evolution
of several excited states along the N = 79 isotones. The novel
23/2] candidate fits well into the isotone systematics. As

yet, no 19/2* and 21/2* states have been observed in '3!Te,
supporting the validity of both shell-model calculations which
locate these levels above the 23/27 state. The presence of
isomeric (23/27%) states in the energy regime below 2.5 MeV
is discontinued in '»Ba and '3’Ce, before emerging again
n 139Nd. However, the 2389-keV state in '3 Ba, which was
assigned with spin J = (21/2) by both Che et al. [72] and
Cluff [70], later revised to spin J = (23/2) by Kumar et al. [38],
could be an isomer candidate. Higher-lying (first excited)
23/2* states are known in '**Ba and '3’Ce which do not fit
the N = 79 systematics. Besides, the recent discovery of the
277(2)-ns J* = 23/2* isomer in '*Nd [30] results in a smooth
onset of 23/2* states along the isotone chain from the high-Z
side. Therefore, the existence of a lower-lying first 23 /2% state,
%07$sibly isomeric, might be anticipated at approx. 2.6 MeV in
Ce.

V. CONCLUSIONS

In summary, the high-spin level schemes of '3>Xe and 33 Xe
were extended to excitation energies of 5665 and 4293 + x keV,
respectively. The observation of a band unconnected to any
known y-ray cascade corroborates the existence of a long-lived
isomer in 133Xe. Based on isotonic systematics, shell-model
calculations, and comparisons of in-beam and stopped-beam
experiments, a minimum excitation energy of E = 2107+x keV
is deduced for this state, and a spin-parity assignment of
J™ = (23/2%) is suggested. The half-life is estimated to be
Ty > 1 ps. This observation of a (23/2%) isomer fills in
a missing corner stone along the N = 79 isotones between
1298n, lgéTe and 1ggNd Future conversion-electron measure-
ments will identify and resolve the multipole character of the
isomer decay in '*3Xe. The well-established structure for the



ss N = 79 isotonic chain still lacks some information. Specif-
ically, detailed high-spin studies need to be pursued in forth-
coming work, with due attention to the onset of J™ = 23/2*
isomerism as a function of proton filling in the gdsh orbitals.
Thus far, there are no experimentally observed states which
populate the 23/2* isomer in the hard-to-reach nucleus 3! Te.
Although studies of '*>Ba and !¥’Ce were performed up to
highest spins and excitation energies, no isomer candidates
below 3 MeV were found yet. The observation of a (23/2%)
isomer in this work and the recent observation of a 277(2)-ns
isomer in 13*Nd corroborate the existence of J* = 23/2* iso-
mers also in the aforementioned two nuclei. Hence, thorough
searches for isomers in '3*Ba and '3’Ce should be performed
in the future to shed light on the onset of isomerism in this
region.
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