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Observation of excited states in the neutron-rich nucleus *Br
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Excited states of the neutron-rich Br have been observed for the first time. They were populated in cold-
neutron induced fission of 233U at the PF1B facility of the Institut Laue-Langevin, Grenoble. The measurement
of y radiation following fission has been performed using the EXILL array of Ge detectors. The observed level
structure looks similar to the yrast level structure of 3’Br. Large valence space shell model calculations performed
for ®Br confirmed this similarity. Comparison of the observed 7 gy/» band with the results of the shell model
calculations provides information on the evolution of collectivity in this region.
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I. INTRODUCTION

Exploration of single-particle energies, as well as col-
lective behaviors of the exotic, neutron-rich nuclei near the
doubly magic "®Ni is an important topic of contemporary
nuclear-structure research. Low- and medium-spin excited
states of odd-mass nuclei provide crucial information on the
evolution of the single-particle energies. However, informa-
tion on excited medium-spin states in this nuclear mass region
is scarce. This is especially true for odd-proton neutron-rich
nuclei, among which the closest isotopes northeast of "®Ni
with known excited states are the Br isotopes. One should
note that above N = 50 there is only one neutron-rich nu-
cleus among the odd-mass Br isotopes, the 8Br, in which
medium-spin states have been explored so far [1]. Besides
the information on the single-particle energies, which are
important parameters in shell model calculations in this mass
region, the evolution of collectivity is also expected to show
differences from regions around other doubly magic nuclei.
Deformed intruder configurations could appear which are pre-
dicted to be pushed down in energy due to neutron-proton
correlations with enhanced quadrupole collectivity. Indeed,
recent results for nuclei very close to ’®Ni indicate a break-
down of the neutron magic number 50 and proton magic
number 28 caused by a competing deformed structure [2,3].
Experimental results on low-lying levels in 32-84Zn [4,5] sug-
gest that magicity is strictly confined to N = 50 in 3°Zn with
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an onset of deformation developing towards heavier Zn iso-
topes. Further away from the ®Ni core, in Ge and Se isotopes,
y collectivity was suggested to thrive for N = 52 and N = 54
neutron numbers [6-8]. Sr and Zr isotopes regain spheric-
ity close to N = 50 but shape coexistence and rapid shape
changes occur towards N = 60, which are possibly driven
by the particle-hole excitations to the proton g9/, and higher
intruder orbitals, see, e.g., [9-12].

Among the Br isotopes the highest medium-spin states
reflect increased collectivity in the N = 52 $Br nucleus [1].
To investigate the evolution of collectivity in the Br isotopic
chain, we aimed at studying the medium-spin states of the
next even-neutron isotope, the N = 54 8Br, which can be
populated in the cold-neutron induced fission of 2>U with
reasonable yields. Using this reaction we can reach another
Br isotope close to the doubly magic "®Ni. #Br has previously
been studied using the 8 decay of *Se and a 130 keV transi-
tion was tentatively assigned to it [13]. However, no excited
states of this nucleus have been published before our present
study.

II. EXPERIMENTAL METHODS

The experiment was performed at the Institut Laue-
Langevin (ILL) in Grenoble [14] using the PF1B cold-neutron
beam. The beam was shaped into a 12 mm diameter pen-
cil beam with a thermal equivalence flux of 10%/(scm?).
During two parts of the 21-d experiment 23U targets with
0.525 mg/cm? and 0.675 mg/cm? thicknesses (both enriched
to 99.7%) were used. They were sandwiched, respectively,

©2021 American Physical Society
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FIG. 1. Double-gated y-coincidence spectra with one gate set on
a strong *La transition and the other gate set on one of the ¥Br
candidate transitions. Transitions labeled with L belong to '*La.
Transition labeled with an asterisk * belong to the contaminating
106Mo.

between 15 um thick Zr and between 25 um thick Be
backings, for rapid stopping of the fission fragments. This
target-backing arrangement enabled an almost Doppler-shift
free measurement of the emitted y rays. The y rays were
detected by the EXILL detector array [15] which consisted of
eight Compton-suppressed EXOGAM Clover detectors [16],
six Compton-suppressed GASP detectors [17] and two Clover
detectors of the Lohengrin spectrometer [18]. The distance be-
tween the detectors and the target was about 15 cm. During the
experiment a total of 15 terabytes of data were collected using
a 100 MHz digital acquisition system in triggerless mode. In
the offline analysis the triggerless events, each consisting of an
energy signal and the time of its registration, were arranged
into coincidence events within various time windows (from
200 to 2400 ns) and sorted into two-dimensional (2D) and
three-dimensional (3D) histograms. In order to calibrate the
y-ray energies in the coincidence matrices, we used inner
calibration lines of known transitions strongly produced in
the fission process as it is described in Ref. [1]. The uncer-
tainty of the calibration is 0.1 keV below 1200 keV y-ray
energy and 0.3 keV above it. The arrangement of the eight
EXOGAM clover detectors of the EXILL detector array al-
lowed the measurement of angular correlation relations of the
subsequent transitions in the intense enough y-decay cascades
to assist in spin-parity assignments of the newly identified
levels. However, the y rays belonging to the ¥Br nucleus
were too weak, unfortunately, to obtain conclusive spin-parity
assignments.

In order to assign y-ray transitions to %Br and to build
the level scheme of this nucleus, 3D y-ray histograms of
RADWARE format [19] were created by applying a 200 ns
coincidence time window. The strategy used for assigning
new transitions to °Br was the same as described in detail
in Ref. [1]. It is based on the fact that y transitions from
one of the two fission fragments are in prompt coincidence
with those of the other fragment. In the present case the main
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FIG. 2. Example double-gated y-coincidence spectra confirming
the placements of the newly observed *Br transitions in the level
scheme. Transitions labeled with L belong to '4’La.

complementary fragments for °Br are '*La and **La. The
level schemes of these La nuclei are rather well known from
previous fission experiments [20,21]. Thus, if unknown in-
tense y rays are seen in coincidence with the strong transitions
from both of these two isotopes (**La and '*‘La), they very
probably belong to *’Br.

III. LEVEL SCHEME

As a first step, double gates have been set on several strong
transition pairs of ¥La or of **La. Besides the well-known
transitions of the La isotopes, two peaks appeared in most of
the double-gated spectra at 507 keV and at 1039 keV. Thus,
these transitions were good candidates for decays of *'Br
excited states. Setting double gates on one of these transitions
together with a strong transition either from '¥La or from
1441 4 has provided further 89Br-candidate transitions, as it
is seen in the example spectra plotted in Fig. 1. To ana-
lyze the coincidence relations between these newly observed
transitions, double gates have been set on them. Besides the
derivation of their coincidence relations, other new transitions
have also been found, as it is shown in Fig. 2. They are
in coincidence with the strong transitions of '¥La, but they
do not belong to any known level schemes. Therefore, they
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FIG. 3. (Left) Experimental level scheme of % Br obtained in the present work. The y-ray and level energies (in italics) are given in keV, the
width of the transitions are proportional with their relative intensities. (Right) Skeleton medium-spin level scheme of *’Br taken from Ref. [1].

should belong to ®Br. Based on their coincidence relations
the level scheme of ®Br has been built, which is plotted in the
left side of Fig. 3.

The derived level energies, the energies and relative inten-
sities of the y rays, as well as their placement in the level
scheme are presented in Table I.

TABLE I. Level energies, spin-parities, y-ray energies, and rel-
ative intensities, as well as y-ray branching ratios corresponding
to the observed level scheme of ¥Br. The relative intensities are
normalized to that of the strong 1039.2 keV transition.

E; Ir E; E, I, BR
0.0 (5/27)
13033)  (3/27) 00  1303(3)  >46
506.7(3)  (7/27) 00  506.7(3)  >100
531.53)  (5/20) 00  531.53) 9 29(13)
1303 401.23) =31  100(29)
953.4(3)  (7/27) 0.0  9533(5)  31(6)
1303 823.14)  14(6)
5315 422.03)  40(6)
15459(4)  (9/2%)  506.7  1039.2(4)  100(9)
9534  592.6(8)  40(9)
2136.6(5) (13/2+) 15459  590.7(3)  100(9)
3035.2(7)  (17/2%) 21366  898.6(4)  43(4)
3778.1(7)  (19/2%) 30352  742.84)  8(2)
4031.7(7)  (21/2%) 30352  996.5(4)  13(3)
3778.1  253.6(6)  2(1)
4857.6(9) (23/2%) 40317  825.9(5)  9(3)

The observation of the 130.3 keV y ray, which is identified
as the transition from the first excited state to the ground state,
is supporting the tentative assignment of this transition to **Br
by Ref. [13].

The relative intensities of the y transitions were derived
from double-gated y-ray spectra. To determine the intensity
of a particular transition in a y cascade a double gate has to be
set below that transition. Thus, the intensity of a transition can
only be determined this way, if at least two transitions exist
below it. For this reason, only lower limits could be given for
the relative intensities of the transitions depopulating the first
three excited states of 3Br. These limits are based on the total
intensities feeding the actual levels, and on the branching ra-
tios of their depopulating transitions. The branching ratios for
a level can be determined by setting double gates above that
level, based on which, it was possible to derive the branching
ratios for the third excited level (see Table I).

The obtained level scheme is very similar to the medium-
spin level scheme of 8Br. In order to show the similarity
between the two level schemes, the “skeleton” medium-spin
level scheme of 8Br is also plotted in the right side of Fig. 3.
Although spins and parities for the new levels could not be
derived from angular correlation relations of the subsequent
transitions, the similarity between the two level schemes al-
lowed the assignment of tentative spin-parities to the levels
in the new level scheme to be made. These tentative spin-
parities are also presented in Table I. A clear difference
between the high-spin parts of the two level schemes is that
in 8Br the (19/2%) and (23/2%) levels were observed, while
in ¥Br they were not observed. These states may belong
to the signature-partner band. In this case their appearance
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FIG. 4. Comparison of the observed (exp.) and calculated (SM)
levels of *Br.

indicates that the signature splitting in *Br is smaller than it is
.87
in °'Br.

IV. DISCUSSION

We compared the obtained level scheme with the results
of the contemporary shell-model calculations using a large
valence space outside the 78Ni core, including the 1152, 232,
2p1y2, 1892 orbitals for protons and the 2ds,s, 3512, 1872,
1d3/2, 1hyy, orbitals for neutrons. The model and the param-
eters of the calculations are the same as used in Refs. [1,22]
for ¥Br and in many other studies of nuclei in this region,
e.g., in Refs. [23-28]. The full-space diagonalization of the
Hamiltonian was achieved using the shell-model code AN-
TOINE [29,30].

The experimental and calculated level energies, spin-
parities, and dominating configurations are plotted in Fig. 4.
The tentative experimental spin-parities are rather well re-
produced by the calculations. The level energies are also
reasonably well reproduced for the states belonging to the
low-spin structure built on the (5/27) ground state and to
the low-spin structure built on the (3/27) first excited state.
According to the calculations, these structures belong to the
7 fs5;2 and mp3,, configurations, respectively. They show,
however, a large fragmentation of all the calculated wave
functions. The dominant components vdg‘ /znfsz/z pg j, for the
7 p3j band and vdg‘/zrr f53/2p§ P for the 7 f5,, band do not
exceed 30%. All other configurations count a few percent
each. Both 1/27 states predicted by the model are due to the
occupation of the pj, orbital, by 1.0 and 0.75 particle, respec-

tively. As in the cases of two other negative-parity structures,
the dominating component vdg‘ 270 f54 2 p% 2 p} /2 counts for only
28% and 10%, respectively, and all other configurations are
of even smaller fractions. The large fragmentation of the
wave functions, typical for collective nuclei, appears common
in many shell-model studies in this region. In particular, a
substantial mixing between protons in the p3/; and the f5,,
orbitals is favoured due to the small single-particle splitting in
the "®Ni core.

The present calculation reproduces accurately also the po-
sition of the 9/2 state and suggests it to come from the 7 g, 2

orbital population, with 40% of & g19 n® v0™ configuration.

The 13/2% level, predicted by the model as a coupling of
the odd proton in gg/» to the neutron 2%, is matching the
experimental counterpart within 260 keV. Starting from the
17/27" state, the disagreement between the model and exper-
iment becomes substantial. The upper part of the spectrum
is calculated more than 600 keV too high, though the energy
differences relative to the 17/2% level are still well repro-
duced. The 9/2%-17/2" states have one proton in the go/
orbital with neutrons occupying predominantly the ds;,, and
512 orbits. This changes in the 21/ 2+ state where one neutron
is promoted to the g7/, orbital. The 19/2% and 23/2% levels
involve one neutron in the £/, orbit.

To have a better understanding on the observed discrep-
ancies, the proton-neutron couplings of the concerned states
were examined. The composition of the 17/2" state reveals
31% of the g} n® v4* component and 37% of the protons
forming a 13/27" state coupled to v2". The position of the 2%
state in 38Se, ascribed predominantly to the neutron configu-
ration, was accurately reproduced by the present shell-model
calculation [6]. However, larger deviations were found for the
4% and higher excited states. Also, employing high effective
charges in this region appeared necessary to obtain correct val-
ues of the E2 reduced transition probabilities [7,12]. This was
understood as due to the missing contributions from the orbits
outside the model space which are necessary for the develop-
ment of quadrupole collectivity. In %’ Br a similar discrepancy
for the go/> band was noted as in $9Br, thus we conclude on
enhanced collectivity of these bands in both bromine isotopes.
On the other hand, the results of the calculations confirm
that the signature splitting in *Br is smaller than it is in
87Br, which seems to be in agreement with the experimental
observations.

V. SUMMARY

In summary, excited states of the neutron-rich 8Br nu-
cleus have been observed experimentally for the first time.
They were studied by means of in-beam y spectroscopy of
25U(n, f) fission fragments, using the EXILL Ge detector
array. The fission has been induced by the cold-neutron beam
of the PF1B facility of the Institut Laue-Langevin, Grenoble.
The observed level scheme has been found to be very similar
to the medium-spin level scheme of ®’Br. This similarity
enabled us to assign tentative spin-parities to the newly ob-
served levels. The experimental level scheme was compared
to the results of contemporary shell model calculations. The
energies of the lower-energy levels and their spin-parities are
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well reproduced by the calculations. It has been found that the
main configuration components of the observed three band-
like structures are 7 f5/2, 7 p3/2, and 7 g9/, although the wave
functions are rather fragmented, which is typical for collective
nuclei. Similarly to the case of 8Br, the highest levels of
the mwgy/» band could not be well described, probably due to
the missing contributions from the orbits outside the model
space which are necessary for the development of quadrupole
collectivity. Thus we conclude on enhanced collectivity of
these bands in both bromine isotopes. On the other hand, the
calculations reproduce that the observed signature splitting in
8Br is smaller than in 3"Br.
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