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High-resolution spectroscopy of neutron-rich Br isotopes and signatures for a prolate-to-oblate
shape transition at N = 56
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The first systematic experimental study of the neutron-rich Br isotopes with two complementary state-of-
the-art techniques is presented. These isotopes were populated in the fission process at two different facilities,
GANIL and ILL. New spectroscopic information was obtained for odd-even Br isotopes and the experi-

mental results were compared with state-of-the-art large scale shell model (LSSM) and discrete nonorthogonal
(DNO) shell model calculations. As a result of such theoretical approaches, a transition from prolate (¥"-%Br) to
oblate (°'**Br) shapes is obtained from the subtle balance between proton and neutron quadrupole deformations,

as a clear signature of a pseudo-SU3 quadrupole regime.

DOI: 10.1103/PhysRevC.110.034304

I. INTRODUCTION

Excited states in odd mass nuclei, such as the odd-even
Br isotopes provide an ideal testing ground for single-particle
energies and the coupling of single particle states with core
vibrations. With 35 protons, the Br isotopes are ideal probes
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for the proton-neutron interaction between the 7 fp and vdg
orbitals, a key ingredient for modern shell model calculations
in the mass region [1]. Such calculations can be found in
the literature in different experimental works. High-spin ex-
citations of 3Br (N = 50) were studied using fusion-fission
reactions in [2,3]. Both the ground state and first excited states
were associated with protons in the 7 f5/2, 7 p3/2, 7 p1/2, and
7 g9/ orbitals. More recently, 87Br (N = 52) was extensively
studied from g decay [4] and 235U neutron-induced fission [5].
Excited states associated with single proton excitations were
identified. A good agreement between measured and predicted
excitation energies was found for negative-parity states. In
contrast, positive-parity states (built on the w7 g9/, configura-
tion) could not be reproduced. The odd-odd #-*®Br isotopes
were also studied using fusion fission reactions [6] and, more
recently, neutron-induced fission [7] and were theoretically

©2024 American Physical Society
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investigated with large scale shell model (LSSM) calculations
[8,9]. Finally, 3Br (N = 54) was very recently studied for the
first time, also from B decay [10] and fission [11]. It has been
shown that 8'Br and ¥ Br have similar level schemes, while
a smooth enhancement of the collectivity seems to appear,
based on the shell model interpretation. An isomeric nature of
the 9/27 state was recently suggested [4], in order to explain
the transition strengths observed in the B-decay experiment.
A lifetime of 20 ns was suggested, implying a well defined
structure for the low-lying states in such isotopes.

From the measurement of atomic masses of neutron-rich
8592Br and *+°’Rb isotopes a reduction of the shell gap at
Z = 35 compared to Z = 40 was observed as well as a poor
agreement of the theoretical shell gap values with the experi-
mental results [12].

In recent Monte Carlo shell model [13] and discrete
nonorthogonal (DNO) LSSM [14] calculations, the collective
effects are taken into account. Mean-field methods are used
to calculate potential energy surfaces and “preselect” a basis
for SM calculations. This approach recently revealed suc-
cess describing a transition from semimagicity to y softness
in the ¥ As nuclei [15]. In particular, the new spectro-
scopic data obtained in that work were interpreted in terms
of pseudo-SU3 symmetries, pointing to the moderate pro-
late deformation for the ground states of ®As and %’As.
A description of 3°As and ¥ As as deformed nuclei was
given using DNO-SM calculations. The excited states in
8 As have been reported to have a prolate-triaxial nature,
while 8’As (just one proton below %°Ge, expected to have
maximum triaxial deformation [15]) has been predicted to
be y soft.

With an additional proton, similar effects of evolution of
deformation are expected for the Br isotopes. A prolate to
oblate transition has been predicted at N = 58 in neutron-rich
Kr isotopes, on the basis of symmetry conserving config-
uration mixing (SCCM) calculations with the Gogny DI1S
interaction [16]. It is worth noting that in recent studies
neutron-rich 3-94Se isotopes both triaxial degree of freedom
and shape coexistence were found to play an important role in
the description of intrinsic deformations in such isotopes [17].

II. EXPERIMENTAL SETUP

In this work, excited states in neutron-rich odd Br isotopes
were populated via fission reactions and studied using two
complementary y-ray spectroscopy experiments.

A first measurement was performed at GANIL' using
the combination of the large-acceptance magnetic spectrom-
eter VAMOS++ [18] and the AGATA y-ray tracking array
[19,20]. A 23U beam, accelerated up to a kinetic energy of
6.2 MeV/u and with an average intensity of ~1 p nA, was
used to impinged on a 10 um thick °Be target. VAMOS++
was used to obtain an event-by-event determination of the
mass (A) and atomic number (Z) of the detected fragments
[21]. Prompt y rays emitted at the target position were de-
tected in coincidence with AGATA, composed of eight triple

'Data are from the E680 GANIL experiment.
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FIG. 1. Normalized mass distribution for Z = 35 isotopes de-
tected in the VAMOS++ spectrometer. The continuous red and
dotted blue lines represent the fit of the total distributions and in-
dividual mass contributions, respectively.

clusters [24 high-purity germanium (HPGe) crystals], placed
in compact configuration (13.3 cm from the target). The po-
sitions of the y-ray interaction points were determined via
pulse-shape analysis techniques [22,23]. The y -ray path in the
Ge array was reconstructed using a tracking algorithm [24]
to obtain the total y-ray energy along with the position of
its first interaction. The combination of the measurement of
the velocity vector of the fission fragments using VAMOS++
and the determination of the position of the first interaction
of the y ray in AGATA allowed us to apply a precise event-
by-event Doppler correction. As a result, despite a measured
v/c of ~0.1, a y-ray energy resolution of 5 keV (FWHM)
was obtained at 1.2 MeV. Further details of the experimental
setup and characterization can be found in [18,21,25,26]. This
data set was used to identify transitions in Br isotopes with
no known spectroscopic information, as well as to extend the
level scheme of known isotopes.

Figure 1 shows the atomic mass distribution for Z = 35
isotopes that were observed in coincidence with y rays. The
figure illustrates the quality of the isotopic identification and
the yields of the different isotopes identified in the spectrom-
eter. A systematic check of the analysis procedure and of the
isotopic selectivity was performed on the data, already used
for extracting spectroscopic results on the “°Kr, 8'Ga, and
As nuclei [15,27,28]. Another data set was obtained from
a neutron-induced fission experimental campaign performed
with FIPPS (FIssion Product Prompt y-ray Spectrometer) at
Institut Laue-Langevin (ILL) [29,30]. A collimated thermal
neutron beam of ~108 neutrons cm~2s~!, was used to induce
fission on a 233U target. For the first time at a neutron beam
facility, an active fission target [31] was used. This allowed a
selection of the fission events and a suppression of B-decay
induced y-ray background. Prompt y rays from the fission
fragments were detected using a HPGe array consisting of
16 HPGe clovers installed around the target position (eight
HPGe clovers from the FIPPS instrument complemented by
additional eight HPGe clover detectors equipped with anti-
Compton shields, from the IFIN-HH Collaboration). The data
were recorded using a digital acquisition system, in trigger-
less mode. An event builder was run offline, using the active
target signal as a trigger and requiring a y multiplicity of at
least 2 (in a time window of 400 ns). The data were sorted
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FIG. 2. Tracked y-ray spectrum of 8’Br obtained in the AGATA-VAMOS++ experiment. Newly observed transitions are labeled in
red, and asterisks indicate transitions placed in the level scheme. All the other transitions are already known. There are no transitions from

contaminants.

offline into y-y-y cubes (1 x 10'! events). The y coincidence
technique was employed to identify new transitions and place
them in the level schemes. Data were analyzed after applying
the add-back procedure to y rays detected in the crystals
belonging to the same clover within a time interval of 250 ns.
An overall energy resolution of 2.4 keV (FWHM) at 1.4 MeV
was achieved for the FIPPS data.

The y-ray energies reported in this work are taken from
the AGATA data. The experimental errors on those quantities
result from the combination of the statistical error, obtained
from the fit of the peaks in the energy spectrum, together
with the systematic error. The latter was obtained from the
comparison of the literature and experimental values for ap-
proximately 50 among the most intense transitions observed
in the same data set. A systematic error of 0.2 keV was
deduced from this analysis (mainly due to kinematics recon-
struction uncertainties). The excitation energies and their error
were obtained via an average taking into account the different
y-ray decay paths.

The presented relative intensity values for the different
transitions are corrected for the detector efficiencies, and the
uncertainties include the statistical error and systematic one
(of 5%, coming from the detector efficiency correction based
on GEANT4 simulations).

III. EXPERIMENTAL RESULTS
A. g;Bl’sz

Situated just two neutrons above the N = 50 shell clo-
sure, the 8’Br nucleus was recently studied following fission
reactions during the EXILL campaign [5,7]. Excited states
populated in the B decay of 3'Se were also extensively
studied in [4]. From the combined analysis of the AGATA-
VAMOS++ and FIPPS data sets, the known level scheme of
87Br was confirmed and extended in this work (see Fig. 3).

The y-ray spectrum obtained for ®’Br with the AGATA-
VAMOS+H+ setup is shown in Fig. 2, on which all the newly
observed transitions are labeled. Asterisks indicate transi-
tions that have been added to the level scheme in this work.
The nonlabeled peaks correspond to already known y rays.
Among the 15 new transitions attributed to this nucleus, only
four were populated with sufficient statistics to allow for coin-

cidences and, thus, be placed in the level scheme. The updated
level scheme is shown in Fig. 3, where the new transitions are
presented in red boxes. An example of coincidence spectra,
obtained with AGATA, confirming the placement of the 1317
and 1508 keV transitions, is shown in Fig. 4.

In the case of ¥’ Br, the FIPPS data set was able to confirm
the recently published level scheme from [5]. Among the
newly observed transitions with AGATA, this data set allowed
us to place the 1146 keV transition in the level scheme and
to confirm the placement of the 1317 keV one, as shown in
Fig. 5. The different contaminants labeled in Fig. 5 come
from different sources. ">Ge(n, y ) reactions on the detectors
produce a y ray of 595.5 keV that can be seen as random
coincidences. 28Zr and its partner 136Te, PKr, and **°°Sr are
among the most produced isotopes, contributing to a small
fraction of the overall background.

The spin assignment for the new (15/27) and (17/27)
states was made assuming a dominant population of the yrast
states in fission reactions, resulting in a “continuation” of the
two E2 yrast negative parity bands. The comparison to the
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FIG. 3. Level scheme for 8"Br obtained in this work. New tran-
sitions and levels are shown in red boxes. The widths of the arrows
reflect the observed intensities relative to the strongest transition. The
intensities were obtained using the AGATA singles spectrum.
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FIG. 4. Example of tracked y-y coincidence spectra obtained in
the AGATA-VAMOS++ experiment confirming the placement of
newly observed transitions in the 3’Br level scheme.

large scale shell model (LSSM) calculations (more details
follow; see Fig. 19) fully supports these tentative assignments.
A spin (15/2%) was also tentatively assigned to a new level, at
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FIG. 5. Example of y-y-y coincidence spectra obtained with
FIPPS confirming the placement of newly observed transitions in the
8Br level scheme.
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FIG. 7. Level scheme for %Br obtained in this work. New tran-
sitions and levels are shown in red boxes. The widths of the arrows
reflect the observed intensities relatively to the strongest transition.
The intensities were obtained using the AGATA singles spectrum.
See text for details on the spin and parity assignments. The 720 keV
transition is shown in dashed line because the statistics did not allow
us to observe it in coincidences. The placement is only based on the
energy difference of the excited states.

an energy of 3372 keV, on the basis of LSSM calculations. The
(15/27) state is indeed predicted to be at an energy of 3213
keV, above the (17/2]) state predicted at 3124 keV (compared
to 3097 keV for the experimental value).

The derived level energies for 8Br, y-ray energies, rela-
tive intensities, and their placement in the level scheme are
summarized in Table 1.

B. 5Brs,

Before performing the two experiments considered in
this work, no spectroscopic information was known about
8Br (N = 54). First results on the spectroscopy of #Br were
recently published in [11]. These results have been confirmed
and extended in this work (see Fig. 7). The y -ray spectrum ob-
tained for Br with the AGATA-VAMOS++ setup is shown
in Fig. 6, on which all the newly observed transitions are
labeled. Asterisks indicate transitions that have been added to
the level scheme in this work. Among the 12 newly discovered
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FIG. 6. Tracked y-ray spectrum of 3Br obtained in the AGATA-VAMOS-++ experiment. Newly observed transitions are labeled in
red, and asterisks indicate transitions placed in the level scheme. All the other transitions are already known. There are no transitions from

contaminants.
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TABLE I. Level energies, spin-parities, y-ray energies, and rela-
tive intensities corresponding to the observed level scheme of ' Br.
Intensities are given relative to the strongest transition intensity from
the AGATA singles spectrum. Labels a and f indicate transitions that
were observed only with AGATA or only with FIPPS, respectively.
The new transitions placed in the level scheme are reported in bold.

E; (keV) Jr E, (keV) E; (keV) I,
0 5/27
6.2(6) 3/27
333.6(3) (3/27) 333.6(3) 0 12(1)
579.3(7) (5/27) 572.7(3) 6.2 16(2)
579.3(3) 0 3.7(4)
246(1)° 333.6 <l
618.3(2) (7/27) 618.3(2) 0 74(6)
801.6(4) (7/23) 801.4(3) 0 31(3)
794.8(3) 6.2 24(2)
222.5(3) 579.3 16(2)
875.2(3) 9/27) 875.2(3) 0 100
256.9(3) 618.3 5.005)
1463.8(4) ©9/2H 662.4(2) 801.6 61(5)
588.5(3) 875.2 14(2)
845.3(4) 618.3 12(1)
1457.9(5)" 6.2 6.1(7)
1561.2(5) (11/27) 942.8(3) 618.3 25(2)
686.0(5)" 875.2 5.2(6)
1917.6(4) (13/27) 1042.4(3)" 875.2 28(3)
356.5(3) 1561.2 3.8(4)
2225.8(5) (13/2h) 762.0(2) 1463.8 71(6)
2878.2(8) (15/27) 1317.1(6) 1561.2 9.5(9)
3097.3(8) 17/2h 871.5(6) 22258 52(4)
3371.9(6) (15/21) 1146.1(4) 22258 9.7(9)
3425.6(1.1) 17/27) 1508(1)¢ 1917.6 2.7(4)
4093.1(8) (21/2h) 995.8(3) 3097.3 16(2)
5198.1(8) (25/21) 1105.0(2)” 4093.1 -
Unplaced transitions
242.1(3)¢ 4.4(5)
269.7(3) 4.2(4)
374.8(5)" 3.2(4)
389.0(4)¢ 1.7(3)
776.9(3) 3.8(4)
890.5(3) 11(1)
906.1(5)" 8.7(8)
920.3(6)" 8.4(8)
1123.2(6)° 3.14)
1497.4(4)" 2.7(4)
1639.2(5)" 4.0(5)

transitions attributed to this nucleus, 10 could be placed in the

level scheme. The updated level scheme is shown in Fig. 7,

where the new transitions are highlighted with red boxes.
The level scheme has been built based on the combination

of y-y coincidences using AGATA and y-y-y coincidences
using FIPPS. Examples of coincidence spectra obtained with
AGATA and FIPPS are shown in Figs. 8 and 9, respec-
tively. '*‘Ba is one of the dominant fission fragments and
it is characterized by a transition at 509 keV, which ex-
plains its important contribution to the gated spectra of
Fig. 9, as random coincidence, as well as its most probable

§ %Br: Gate on 506 keV ‘

150
100}
50}

%Br: Gate on 850 keV ‘

Counts/(2 keV)
(=]

40F _
2 3 2
20: -
Hl
(U ‘ ‘ ‘ ‘ ‘
400 600 800 1000 1200 1400
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FIG. 8. Example of tracked y-y coincidence spectra obtained in
the AGATA-VAMOS++ experiment confirming the placement of
newly observed transitions in the ¥ Br level scheme.

complementary fragments: 558%%Kr [32]. *+%Sr are also
among the most produced isotopes, contributing to a small
fraction of the overall background. Finally, ®*Kr is not pro-
duced with a dominant yield, but its level scheme contains a
transition at 506 keV, explaining the presence of the 769 keV
transition that is the most intense transition emitted by this
nucleus. While the placement of the 1339 keV transition is
not convincing from the AGATA analysis (Fig. 8, top panel),
the double-gate spectrum obtained with FIPPS (Fig. 9, bottom
panel) allows for a firm placement.

One of the transitions placed in the level scheme, of
720 keV energy, with very low statistics, was not seen in
coincidence but it has been placed tentatively based on the
energy difference of the excited states and on the basis of the
systematics, given that a similar transition is observed in 8Br.

In the two published studies on 8 Br, the first one, from the
EXILL campaign [7] was performed from neutron-induced
fission reaction, without isotopic identification of the emitting
fragment and with no information on the ¥ Br level scheme
[11]. The use of the y rays emitted by the fission partners
allowed finding “pairs” of possible candidates for decays of

[+
E soof ; . %Br: Gate on 506 & 1063 keV
= = Jaa) o =
g 3 a4 & M &
S5400p g & = 8 T 3.
L o NG 0
0750500 550 600 650 700 750 800 850
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Za0d 2. 2 5P 3 g 3
§ 5 L g,_l g <. &
Saofz T8 238 % S
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FIG. 9. Example of a y-y-y coincidence spectrum obtained with
FIPPS, confirming the placement of newly observed transitions in the
%Br level scheme.
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TABLE II. Level energies, spin-parities, y-ray energies, and rel-
ative intensities corresponding to the observed level scheme of 3Br.
Intensities are given relative to the strongest transition intensity from
the AGATA singles spectrum. Label a indicates transitions that were
observed only with AGATA. The new transitions placed in the level
scheme are reported in bold.

E; (keV) Jr E, (keV) E; (keV) I,
0 5/27
129.2(3) 3/2)) 129.2(3)¢ 0 24(2)
506.4(2) (7/27) 506.4(2) 0 100
530.5(5) (5/23) 401.2(3)* 129.2 17(2)
530.5(6)* 0 10(3)
849.9(3) 9/2)) 850.0(2) 0 57(5)
343.4(3)° 506.4 8.3(8)
952.6(5) (7/27) 953.1(3)* 0 11(1)
421.7(3)° 530.5 9.9(9)
823.3(4)° 129.2 8.9(9)
1545.0(7) 9/2h) 1038.8(3) 506.4 28(3)
591.6(9)" 952.6 25(2)
695.6(3)" 849.9 7.3(7)
1569.6(4) (11/27) 1063.2(3) 506.4 23(2)
719.7(4) 849.9 4.8(6)
1734.2(4) 1227.8(3) 506.4 10(1)
2041.3(4) (13/27) 1191.4(3)° 849.9 21(2)
2135.7(9) (13/2h) 590.7(6) 1545.0 30(3)
2205.5(5) 635.9(3) 1569.6 9.6(9)
2886.6(8) 681.1(6) 2205.5 3.2(4)
2908.6(1.1) (15/27) 1339(1) 1569.6 4.1(5)
3034.1(0.9) 17/2h) 898.4(3) 2135.7 32(3)
3776.9(1.0) (19/2h) 742.8(3)" 3034.1 4.6(5)
4029.8(1.0) (21/2h) 995.7(3) 3034.1 6.1(7)
Unplaced transitions
439.4(3)" 3.7(4)
528(2)° 7(2)

8Br. Due to these experimental limitations, the decay from
the (9/27) state at 850 keV could not be observed, despite
its strong intensity in fission. The second study was a f~-
decay experiment [4]. With a ground state spin-parity of 3/2%,
the B~ decay of ¥Se to the (9/27) state in 3*Br was not
observed. Thanks to the isotopic identification obtained with
VAMOS++, this strong transition at 850 keV was measured
in this work for the first time, and it is attributed to the (9/27)
state according to the systematics in energy and intensity
compared to ¥"Br. Two E2 yrast negative bands based on
the (7/27) and (9/27) levels have been identified, in analogy
to 8’Br. This implies the new tentative assignments (11/27),
(13/27), and (15/27). The comparison to the large scale shell
model (LSSM) calculations (see Fig. 19) fully supports these
tentative assignments. No spin was assigned for levels built
on the 1228, 636, and 681 keV transitions. No clear evidence
from systematics or from the LSSM calculations was found to
provide a tentative assignment.

The derived level energies for % Br, y-ray energies, rela-
tive intensities, and their placement in the level scheme are
summarized in Table II.

91
C. 35Br56

No spectroscopic information was known for *'Br prior
to this work. Due to its low production rate in the neutron-
induced fission of 23U, an order of magnitude smaller than
the %°Br, this isotope was not observed in the FIPPS data
set. Nevertheless, the transfer-fission mechanism through the
29U* compound [33], together with the isotopic selectivity
provided by VAMOS++ enabled an identification of the main
y-ray transitions in °' Br. The Doppler corrected prompt y -ray
spectrum measured in AGATA in coincidence with the *'Br
ions detected in VAMOS++- is shown in Fig. 10. Among the
21 new transitions attributed to this nucleus, 13 (shown with
asterisks) were placed in the level scheme. This level scheme,
determined for the first time, is shown in Fig. 11. For this
isotope, the coincidence analysis presented the challenge of
limited statistics. As a result, some placements can only be
tentative. The level scheme was deduced from the combina-
tion of y-y coincidences, energy matching, and systematic
studies (see Sec. II1 E). Some examples of coincidence spectra
are shown in Fig. 12.

The clearest coincidences were observed between the 444
and 697 keV lines, while the two other main transitions, at 795
and 666 keV, showed very low statistics in coincidence. While
the 666 and 854 keV y rays were well seen in coincidence, the
attribution of the 726 and 854 keV y rays to the same level at
1521 keV was made based on energy matching only, as was
the 288 keV y ray, for which the statistics was not sufficient
to be observed in coincidence.

The construction and interpretation of the °'Br level
scheme wsa particularly challenging. In addition to the low
statistics obtained in y-y coincidences, the presence of two
doublets (508/511 keV) and (664/666 keV) has made the
placement of the corresponding y rays in the level scheme
quite complex. Moreover, the systematic comparison with the
structures observed in 8Br and 3°Br can no longer be applied.
A structure similar to the one of the E2 yrast bands based
on two main transitions deexciting the (7/27) and (9/27)
levels is still observed, but the structure based on the (3/2)),
(5/27), and (7/25) levels in ¥Br and *Br is no longer
observed in *'Br, suggesting a deep modification of its nu-
clear structure. The systematic comparison with Se isotopes
was used to confirm the tentative spin-parity assignments of
these three bands, based on the (7/27), (9/27), and (9/2%)
levels (see Sec. IIIE). Considering this level scheme, and
based on the fact that the (9/2]) state deexcitation mainly
populates (7/27) states in 5’Br and %Br, a tentative spin
assignment of (7/25) was made for the level at 666 keV.
Finally, based on the fact that the level at 1521 keV populates
the (7/2;) and the (9/27) states, and on the global system-
atic only reporting E2 and M1 transitions, its (11/2;) spin
and parity assignment was made tentatively. Despite these
two last tentative attributions, it should be kept in mind that
the positions of the 666 and 1521 keV levels are not firmly
established.

The derived level energies for *'Br, y-ray energies, rela-
tive intensities, and their placement in the level scheme are
summarized in Table III.
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FIG. 10. Tracked y-ray spectrum of °!Br obtained in the AGATA-VAMOS++ experiment. Newly observed transitions are labeled, and

asterisks indicate transitions placed in the level scheme.

93
D. 35 Br 58

Located well above the N = 50 shell closure, the **Br iso-
tope is the most neutron-rich Br nucleus that could be studied
in this work. Because of the same argument reported above
for the °'Br case, the FIPPS data set could not be exploited.
The Doppler corrected prompt y-ray spectrum measured
in AGATA in coincidence with the **Br ions detected in
VAMOS++ is shown in Fig. 13. Due to the very low statistics
obtained in the singles spectrum, a dedicated study was made
for this specific case to verify that none of the presented y
rays could be originating from a contaminant. The produced
spectrum was made using very restrictive selections on the Z
and A identifications, and it was checked that none of these
energies are present in the most likely contaminants (°>*3Kr
from Z and mass contamination, **Br from mass contamina-
tion and ¥?°Br from charge state contamination). Among the
6 new transitions attributed to this nucleus, 3 (shown with as-
terisks in Fig. 13) were tentatively placed in the level scheme.
The proposed provisional level scheme, measured for the first
time, is shown in Fig. 14. Due to the impossibility of carrying

(21/2%)
3000—
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232000 — 13/2)
g B | 684 (11/2)
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8 i) 1068 508 72/6
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A 795 et P
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50;‘ b 4

FIG. 11. Level scheme for °'Br obtained in this work for the first
time. The width of the arrows reflects the observed intensities relative
to the strongest transition. The intensities were obtained using the
AGATA singles spectrum. See text for details on the spin and parity
assignments. The 666 keV and 854 keV are seen in coincidence, but
they are shown in dashed line because no coincidence was seen with
the rest of the level scheme. The placement is only based on the
energy matching, as for the 288 keV transition for which the statistics
did not allow for coincidences.
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FIG. 12. Example of tracked y-y coincidence spectra obtained
in the AGATA-VAMOS++ experiment confirming the placement of
newly observed transitions in the *'Br level scheme.
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AGATA-VAMOS++ experiment. Newly observed transitions are

labeled and asterisks indicate transitions placed in the tentative level
scheme.

034304-7



J. DUDOUET et al.

PHYSICAL REVIEW C 110, 034304 (2024)

TABLE III. Level energies, spin-parities, y-ray energies, and
relative intensities corresponding to the observed level scheme of
1Br. Intensities are given relative to the strongest transition intensity
from the AGATA singles spectrum.

E; (keV) Jr E, (keV) E; (keV) I,
0 5/27
443.8(3) (7/27) 443.8(3) 0 100
665.9(6) (7/23) 665.9(6) 0 54(8)
794.93) 9/2)) 794.93) 0 83(6)
954.7(1.3) 9/2h) 160.0(3) 794.9 44(4)
511(2) 443.8 16(5)
288.4(6) 665.9 18(2)
1140.9(4) (11/27) 697.1(3) 443.8 49(4)
1463(2) (13/2h) 508(2) 954.7 26(6)
1520.7(6) (11/23) 854.2(4) 665.9 21(2)
726.3(4) 794.9 15(2)
1863.3(7) (13/27) 1068.4(6) 794.9 20(2)
2127(3) 17/2hH 664(2) 1463 30(6)
3050(3) (21/2hH) 922.8(6) 2527 33(3)
Unplaced transitions
197.9(4) 12.3(9)
217.6(3) 27(2)
258.5(4) 8.0(6)
266.8(6) 10.4(8)
537.1(4) 14(1)
622.9(4) 10.7(8)
901.5(4) 17(2)
1101(2) 13(1)

out a coincidence analysis because the too low statistics, the
proposed spins and parity assignments are only tentative and
deduced from the systematic comparison with Se isotopes (see
Fig. 16 in Sec. III E).

The derived level energies for *Br, y-ray energies, and
their tentative placement in the level scheme are summarized
in Table IV.

2000—

L a12)

Excitation Energy (keV)

1000 — = _
= 600 ©2)
ro72) % 3
—4§— 741
Coem 5

FIG. 14. Tentative level scheme for **Br obtained in this work
for the first time. Due to the impossibility of having coincidences
with such low statistics, the proposed levels are only provisional and
were deduced from the systematic comparison with Se isotopes (see
Sec. II1 E). It was also not possible to extract relevant intensities. The
widths of the arrows are thus identical for all transitions. See text for
details on the spin and parity assignments.
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FIG. 15. Systematics of the energy difference between the 9/2%
and 5/27 states for the Br, Rb, and Y isotopic chains. Empty symbols
correspond to already published measurements, the filled symbol
corresponds to the newly reported state in this work. Energy values
are taken from [36,37]. The LSSM predictions from this work are
represented with a dashed line.

E. Interpretation of the results in comparison
with the systematics in the region

The excited states of the odd-even neutron-rich Br isotopes
are distributed into three main bands, as is evident from the
previously shown level schemes (see Figs. 3,7, 11).

The bandhead of the first band is the 5/2~ ground state.
This corresponds to an odd proton in the 7 f5,, orbital. As
already discussed in [11], excited states of 87Br are built on
top of this level due to a coupling of the single-particle con-
figuration with vibrations of the %°Se core [34]. The 7 f5» ®
(2%, 47%,6") couplings give rise to the observed 7/2~ and
9/2~ states, 11/27 and 13/2 states, and 15/27 and 17/2~
states, respectively. This interpretation, in terms of coupling
with a Se core, could also be applied to the other Br isotopes.

A second band is built on top of the first 3/2~ excited state,
at 6 keV for 8"Br and at 129 keV for ¥Br. The coupling with
the Se core, T p3n ® 2%, gives rise to the observed 5 /25 and
7/2; states. This band was not observed for 1Br and **Br,
due either to the fact that, being non-yrast, its population is not
favored by fission processes, or to a change in the structure of
the involved states.

TABLE IV. Level energies, spin-parities, and y-ray energies cor-
responding to the tentative level scheme of **Br.

E; (keV) Jr E, (keV) E; (keV)
0 5/27)
426(2) (7/27) 426(2) 0
741(2) 9/27) 741(2) 0
1116(3) 11/27) 690(2) 426
Unplaced transitions

233(2)

619(2)

883(2)

034304-8



HIGH-RESOLUTION SPECTROSCOPY OF NEUTRON-RICH ...

PHYSICAL REVIEW C 110, 034304 (2024)

L O Se:2"—=0" W Br:727—5/2"
C 2L Kr: 2t = 0" A Br:927— 527
1000, V Br: 132" —9/2*
[ A -
8001 24 A A
. O. 4 ......... v 4
00 L G
- D Q ........ O
B e il e -
400~ | | ! ! ! I
B O Se:4"*—=2" M Br:11/27—7/2°
1400 2L Kr: 4" —2" A Bri13/27—9/2"
L V Br: 172" — 13/2*
= 1200~
85 1000 A
:ﬁ C -_
800— = &
600— | | | | ! I
L6001 O Se:6"—=4" W Br: 1512 — 11/2~
'Y 3L Kr: 6" — 4 A Br:17/27— 13/2°
C V Br:212* — 172*
1400—
oo~
1000 v e, ek
800 g
C 1 ! !

1
52 54 56 58
Neutron number

FIG. 16. Comparison of the energies between Se, Kr, and Br iso-
topes: the 27 states in Se and Kr are compared to transitions 7/2~ —
5/27,9/27 — 5/27, and 13/2* — 9/2" in Br. The 47 states are
comparedto 11/27 — 7/27,13/27 — 9/27,and 17/2F — 13/27.
The 6" states are compared to 15/2~ — 11/27, 17/2~ — 13/2",
and 21/2% — 17/2%. Empty symbols correspond to already pub-
lished measurements, filled symbols correspond to newly reported
states in this work. Energy values are taken from [36].

A third band is built on top of the 9/2% state and can be in-
terpreted as a coupling with the Se core 7 g9/» ® 0F. Using the
energies of the 2%, 4T, and 67 states in the Se core, the levels
above can be interpreted as 7 gy, ® (21,47, 67), giving rise
to 13/2%, 17/2% and 21/2% states. A similar interpretation
was already made for Rb [3] and Y [35] nuclei in this mass
region.

The evolution of the 9/27" state deserves particular atten-
tion. The systematics of the difference between the energy of
this state and the one of the first 5/2~ (not always the ground
state in the considered nuclei) is shown in Fig. 15 for the
Br (Z =35), Rb (Z =37), and Y (Z = 39) isotopes. Empty
symbols are used for the values extracted from the literature
[36,37], while a filled symbol is used for the new result in
91Br. The trend shows a maximum at N = 56 for the Y and Rb
isotopes, which could be related to the vds,, subshell closure.
In contrast, a “drop” in this systematics is observed for the

Br isotopes at N = 56, suggesting an important modification
in the structure of those nuclei as compared to the higher-Z
ones. This new finding adds evidence for a significant change
in nuclear structure between Z = 35 and Z = 37, as demon-
strated for the Kr isotopic chain (Z = 36), nowadays known as
the low-Z boundary of the N = 60 island of deformation [27].
The dashed line in Fig. 15 indicates a very good agreement
with the shell model predictions from this work, discussed
in Sec. IV.

A comparison of the 2+, 47, and 6™ energies of the even-
even Se and Kr isotopes with Br excited states resulting from
the discussed single-particle to core couplings, for neutron
numbers from 50 to 58, is shown in Fig. 16. Empty symbols
are taken from the literature [36] while filled symbols are
used for the states measured for the first time in this work.
The energies of the positive parity states of the Br isotopes
(shown in red downward-pointing triangles) are in overall
good agreement with the Se systematics, especially for the
2% and 4" states, suggesting a very pure particle-core excita-
tion of the w g9/, orbital, at low angular momentum. For the
negative parity states, two different behaviors are observed.
The transitions belonging to the band based on the 7/2~
state (7/27 — 5/27, 11/27 — 7/27 and 15/27 — 11/2~
in blue squares), also follow the Se systematics, while the
transitions belonging to the band based on the 9/27 state
9/2= - 5/27,13/27 — 9/27 and 17/27 — 13/27 in blue
upward-pointing triangles) show a trend that is closer to the Kr
systematics. It can be noted that while the 27 state energy, and
the one of the corresponding Br states, are slowly decreasing
with the increasing neutron number, a sudden “drop” is ob-
served for the 41 and 6™ states at N = 56.

F. Constraints on the excited levels lifetimes

As reported in detail in [2], in the considered mass re-
gion, the 9/2% state, coming from the promotion of the odd
proton to the 7 gg/» subshell, is usually isomeric, because of
the hindrance of its y decay. Indeed, the experimental work
reported in [37] reveals that such a state is long-lived in the
9L.95Rb isotopes (16 and 94 ns, respectively). While disproved
in [2], the possibility of a lifetime of about 20 ns for the first
excited 9/2% state in Br was suggested in the beta-decay
study of [4], on the basis of y intensity balance evaluations.
A search for isomeric states in neutron-rich odd-mass Br
isotopes was thus carried out in our work. In addition to
providing information on excitation energies, both the FIPPS
and the AGATA-VAMOS++ data sets can be used to extract
information regarding the lifetime of the excited states. On
the one hand, the prompt-delayed coincidence analysis of the
FIPPS data set allows the identification of short-lived isomers
and an estimation of their lifetime [31,38]. Such an analysis
was performed on ¥"Br, revealing a nonisomeric character
of this state. On the other hand, the characteristics of the
AGATA-VAMOS++ setup can be exploited to set an upper
limit of ~5 ns to the lifetime of the observed states. Indeed,
in such inverse kinematics fission reaction, after ~5 ns, the
nucleus is “outside” the “field of view” of the AGATA array.
Based on these considerations, it was concluded that none of
the observed excited states had a lifetime >5 ns. This result
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FIG. 17. Valence space used in the present theoretical descrip-
tion, with an example of possible configuration of states of the basis,
illustrated for the °'Br case.

is of particular importance for the 9/2% state, as previously
introduced.

IV. THEORETICAL CALCULATIONS

In order to interpret the present experimental data,
both large scale shell model (LSSM) and DNO-SM [14]
calculations were performed. A similar theoretical study was
recently presented in [15], to describe the transition from
semimagicity to y softness in the 33%7As odd nuclei. The
shell-model valence space is spanned by the full Z = 28-50
proton major shell and the full N = 50-82 neutron major shell
beyond 78N, namely, the (0f5,2, 1p3/2, 1p1/2, 0g9/2) proton

orbitals and the (0g7/2, 1d5/2, 1d3/2, 2S1/2, 0/’[]1/2) neutron
orbitals. The valence space is illustrated in Fig. 17 for the
case of *'Br. The same effective interaction (DF2882) used in
[15] with minor adjustments (see this latter reference for more
details) is employed here. It is a realistic two-body effective
interaction with constraints on the monopole components,
introduced to incorporate three-nucleon forces effects. A first
comparison between LSSM calculations and the experimental
data for all the yrast states measured in this work is shown
in Fig. 18, showing an overall very good agreement. A
more detailed analysis of this comparison, for a selection
of states for each band as a function of the neutron number,
is done in Fig. 19. The values for the 2% and 4" states in
Se are also reported in this case. A band of 150 keV is
drawn on the theoretical values to guide the eye, indicating
the theoretical error bars. A trend can be observed for the
2% in Se isotopes, and the corresponding 7/2 state in Br,
showing that the LSSM calculations are “overestimating” the
excitation energies at N = 58, most likely due to the lack of
solid information about the p-n residual interaction in this
region. Moreover, the agreement is sensibly less good for the
13/2* and 17/2% state in *'Br. These specific cases apart,
the overall agreement between calculations and experimental
data is remarkably good. An additional comparison between
the presented LSSM calculations and the experimental data
can be seen in Fig. 15, where the predictions for the 9/2%
state energy are reported for the Br isotopic chain. A very
good agreement is again observed and, in particular, the
previously discussed energy “drop” at N = 56 is reproduced.
The calculations predict a very fragmented wave function,
with only half of the vds;, orbitals filled and the three
remaining neutrons occupying the rest of the valence space.
In order to infer the degree of deformation of such isotopes
from a shell model perspective, the Kumar invariants [39] for
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FIG. 18. Global comparison between LSSM calculations and experiment for the yrast states of Br isotopes.
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FIG. 19. Comparison between LSSM calculations and experiment for a selection of levels in Se and Br isotopes. The energy intervals of
+150 keV represented in the different pictures demonstrate the good agreement between calculations and experimental data.

the neighboring even-even Se isotopes can be investigated.
Those are reported in Fig. 20 for the 83890928 isotopes. This
systematics demonstrates a transition from prolate shapes for
86.88Se to an onset of triaxiality for the *°?Se nuclei, with
indeed very large fluctuations for these latter cases.

To further investigate the collectivity of those isotopes, the
LSSM spectroscopic results can be compared and analysed
in the framework of the discrete nonorthogonal shell model
(DNO-SM) recently developed in Ref. [14]. The model uses
the same valence space and allows diagonalization of the
same Hamiltonian using the effective interaction DF2882 in
a relevant deformed Hartree-Fock (HF) states basis from the

potential energy surface represented in a (8, y) plane. The
diagonalization is then performed after the rotational sym-
metry restoration using the angular momentum projection
technique.

The potential energy surfaces (PESs) obtained for *°Se and
92Se using the DNO approach are shown in Fig. 21. Such
calculations suggest a very “flat” surface for both cases, with
no dominant leading minima, allowing for competing prolate,
oblate and triaxial regimes.

Figure 22 presents the PES of 87:3%°1-93Br. The onset of
deformed configurations is observed in all cases. The first
two cases show a moderate prolate HF minimum extending
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FIG. 20. Kumar invariants for the 883°092Se jsotopes. Red dots
represent the effective B, y values and grey shaded areas represent
the 1o fluctuations contours.

QOSe

D 407(deg) 1o
30
20

10

o 0 o 0
0 01 02 03 04 0 01 02 03 04
p B

FIG. 21. Potential energy surface (PESs) for the *°Se and **Se
isotopes. Orange and green diamonds indicate the location of prolate
and oblate minima, respectively, when occurring.
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FIG. 22. Potential energy surfaces (PESs) for ¥%°1:%3Br. Or-
ange and green diamonds indicate the location of prolate and oblate
minima, respectively, when occurring.

towards nonaxial shapes. In the case of °!'Br, two axial
degenerated minima are found on the oblate and prolate axes,
while in **Br no shape is clearly favored, with competing
prolate, oblate, and triaxial shapes as observed in the daughter
“2Se case.

All the considered states are then optimized through
the mixing of deformed projected HF states, with the
energy-minimization technique over the whole PES, starting
from the corresponding HF minimum. The results of these
calculations for ¥ Br, 3Br, °' Br, and **Br are shown in Fig. 23
for the selected states 5/27, 7/27, 9/2,, 9/2{, and 13/2].
When moving from "Br to **Br, a clear transition from pro-
late to oblate deformation is observed. For ¥ Br, the negative
parity states are quite mixed but always well localized in
the vicinity of the prolate axis, with B values around 0.15.
The positive parity states are much purer, and well localized
around the prolate axis with larger deformation (8 ~ 0.25).
For ' Br, the negative and positive parity states are both local-
ized on the oblate side of the (8, y) plane, with slightly larger
deformation values (*0.18 for the negative parity states and
~0.25 for positive parity states). Finally in **Br, as already
inferred from the PES similarity with °!'Br, one observes
the same kind of deformation regime, with minor nonaxial
admixtures.

In order to understand the above-described shape transi-
tion, collective behaviors can be inferred from the analysis
of the quadrupole properties, on the basis of pseudo-SU3
symmetries, as shown in the recent arsenic investigation
[15]. This implies that the f5/, p3;» and py, proton
and ds)2, ds;2, g7/2, 1,2 neutron orbitals, with degenerate
single-particle energies and a pure quadrupole-quadrupole
interaction, are adopted. Following the procedure reported
in [40], and using the Zuker-Retamosa-Poves (ZRP) dia-
grams (see Fig. 24 and Refs. [40,41]), the evolution of
quadrupole correlations as a function of proton and neu-
tron numbers can be estimated and configurations and
quadrupole moments for the corresponding Br isotopes can be
associated.

It is worth recalling that, in such a scheme, filling the
Nilsson-SU3 proton orbitals produces maximum collectivity
at midshell for six protons (half of the pseudo-SU3 space)
where prolate and oblate configurations exhibit the same
quadrupole moment of opposite sign (15.10 e b?), filling the
shell either from the top or from the bottom. In Br isotopes,
the additional proton favors oblate configurations for both
natural negative parity (—14.0 versus +12.73 eb?), and non-
natural positive parity, adding the —4 e b? oblate quadrupole
moment of a gg/, proton (see formula (6) and Table II in
[40]), resulting in a value of —19.1 instead of +12.73 eb’.
On the neutron side, the filling of the pseudo-pf SU3 Nilsson
orbitals clearly favors prolate configurations for two, four,
and six particles (4+14.76, +22.46, and +29.5 eb?), but it
produces similar prolate and oblate quadrupole moments for
eight particles (+29.98 versus —29.26 eb?). The predicted
total quadrupole moments are summarized in Table V. Taking
into account the total effective charge (e, + e, = 2.4), these
values are in full agreement with all the DNO-SM calculations
mentioned above, which exhaust up to 70% of the SU3 limit in
all cases.
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FIG. 23. Deformation structures of the yrast states in the (8, y) plane for %919 Br isotopes. The area of orange circles is directly
proportional to the normalized probability of finding a deformation (8, y) in the corresponding state.

The combination of these results for the proton and neutron
values exhibits two features: a rise of quadrupole collectivity
with increasing neutron number but also a shape transition
from prolate shape in ¥%Br to prolate/oblate shape coex-
istence in *'Br and oblate shape in *Br, as seen in Fig. 22. As
is evident from Table V, the SU3 limits are never realized and
they are affected by the shell evolution and levels splitting. As
a consequence, in the case of flat PES landscape for L3y
the pseudoscheme may be altered to favor oblate shapes over
the prolate ones, as inferred from the DNO-SM analysis.

A similar behavior has already been predicted at N = 58 in
neutron-rich Kr isotopes, on the basis of symmetry conserving
configuration mixing (SCCM) calculations with the Gogny
D1S interaction [16].

In summary, the overall theoretical description points to
clear deformation in rotational regime for 8Br, ¥Br, °'Br,
and **Br. The maximum of deformation is achieved in °'Br
(N = 56), in agreement with the increasing deformation ob-
served in the selenium isotopes by Chen et al. [17] (from
84Se to °Se). It is worth emphasising that, while the arsenic
isotopes in the region show a y-soft regime [15], the present

study points to a shape transition from prolate 37-%Br to oblate
91.93Br for both natural and non-natural parity bands.

V. CONCLUSION

New spectroscopic information for neutron-rich Br iso-
topes was obtained from fission experiments performed at two
different y-ray spectroscopy setups. The isotopic selectivity
of the VAMOS++- spectrometer, combined with the Doppler
correction capabilities of the AGATA array, were exploited
to obtain new spectroscopic information up to the exotic
93Br. The statistics available at FIPPS, using neutron-induced
fission and an active target, allowed for the confirmation of
existing results for 87Br and ¥ Br, as well as for the placement
of new transitions in 3°Br. A new upper limit of 5 ns was
obtained from the analysis of the two data sets, on the lifetime
of the 9/27 state in the considered isotopes.

The obtained experimental results were discussed by an-
alyzing the systematics in the mass region, in particular the
one of the even-even Se isotopes. Evidences for particle-core
excitations were highlighted and the considered systematics
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of °'Br prolate configuration. Positive quadrupole moment values
correspond to prolate shape.

was also used for spin-parity assignments of newly found
excited states.

Through advanced shell model and DNO shell model
calculations, evidences for a shape transition from prolate
87.89Br to oblate ***Br for both natural and non-natural
parity bands are shown. This evolution is intimately related
to the delicate competition between proton and neutron
quadrupole excitations, exhibiting a “showcase” of the
Nilsson-SU3 algebraic model [40]. As the region of isotopes
with 26 < Z < 38 and 42 < N < 60 has been shown to be
decisive for first-peak r-process abundances in neutron-star
merger calculations [42], this calls for extended experimental
and theoretical studies of such neutron-rich isotopes. The
direct measurement of quadrupole moments, for example,
would be extremely beneficial.

TABLE V. Nilsson-SU3 intrinsic quadrupole moments Q, esti-
mates (in units of e b?) for the odd **Br. Positive and negative Q
refer to prolate and oblate shapes, respectively. The total effective
values correspond to multiplying bare proton and neutron quadrupole
moments by a factor (e, + e, =) 2.4.

Qo(eb?)
b4 v Tot. Tot. (eff)
87Br
Prolate +12.73 +14.76 +27.49 +66.98
Oblate —14.02 —7.52 —21.54 —-51.70
Oblate + go/» —19.10 —7.52 —25.54 —61.30
89Br
Prolate +12.73 +22.46 +35.19 +-84.46
Oblate —14.02 —14.98 —29.00 —69.60
Oblate + go/» —19.10 —14.98 —33.00 —79.20
91Br
Prolate +12.73 +29.50 +42.23 +101.35
Oblate —14.02 —22.32 —-36.34 —87.22
Oblate + go/» —19.10 —22.32 —41.42 —99.41
93Br
Prolate +12.73 +29.98 +42.71 +102.50
Oblate —14.02 —29.26 —43.28 —103.87
Oblate + go/» —19.10 —29.26 —48.36 —116.06
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