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Low-spin, excited states of the Br nucleus, populated in 8~ decay of 3Se have been studied for the first
time. The **Se nuclei were produced in proton-induced fission of natural thorium using the IGISOL facility and
separated using a dipole magnet and the coupled JYFLTRAP Penning trap. Gamma radiation following the 8~
decay of ¥Se was measured with an array of high-resolution germanium detectors. Levels scheme of ¥Br was
extended by 12 new levels and 31 new y transitions. Spin-parity (3/27) has been proposed for the ground state
of the ¥Se mother nucleus, replacing the (5/2%) assignment reported in data bases. The observed Gamow-Teller
B~ transition to the 1754.5-keV level indicates a 7 g9/,-based configuration. The level scheme of %Br has been
compared to large scale shell-model calculations. Excitations based on 7 p3,, and 7 f5,, single-particle levels as
well as their anomalous coupling are proposed to explain the low-energy excitation scheme of ¥ Br.
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I. INTRODUCTION

Neutron-rich nuclei from the region of mass number A ~
90 are a useful source of information on single-particle (s.p.)
and collective excitations competing with each other outside
the 7®Ni core. With such data contemporary, large-scale shell-
model (LSSM) calculations can provide a valuable insight
into the fundamental quantum processes behind the shape
change and coexistence effects in the A ~ 100 nuclei, ob-
served at Z ~ 40 and N ~ 60 [1]. As discussed in a recent
study of Sr (Z = 38) isotopes [2,3], the explanation of these
spectacular effects is still an open question. However, the re-
markable LSSM reproduction of 2 excitations in the studied
Sr isotopes [2] tells us that these excitations, essential for
understanding the evolution of collectivity in the region, are
more of a single-particle nature than previously supposed.
Furthermore, some puzzling LSSM results on the 05 levels
in these isotopes indicate that we still do not understand the
nature of the 0" excitations associated with the shape change
and coexistence phenomena in nuclei (see Ref. [3] for further
discussion). This again emphasizes the need for reliable s.p.
input data which, in addition to supporting a better description
of nuclei in the region, may bring us closer to answering
the thought-provoking question of whether the spherical shell
model, as we know it at present, is capable of properly repro-
ducing collective effects emerging in transitional nuclei (see,
e.g., the review [4] for further reading).

As discussed in Refs. [2,3], one of the s.p. excitations
crucial for the description of the shape effects in the re-
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gion is the 1gg,» proton level. Its excitation energy and
population govern the rapid evolution of nuclear deforma-
tion and collectivity along isotonic lines between Kr and
Ru. The place to test its energy relative to other proton
levels in the region, 1fs,, 2p3/, and 2py, is near the
Z = 28 closed shell, where the nuclei exhibit simple exci-
tation patterns, not strongly disturbed by collective effects.
However, the experimental accessibility of such nuclei drops
quickly when approaching the Z = 28 closure. The compro-
mise choice is the Br (Z = 35) isotopic chain, where one
can access several isotopes above the N = 50 closed shell
using the available nuclear-spectroscopy techniques in order
to obtain an extended, systematic data set for testing the shell
model.

The present work reports on the first study of excited levels
in Br populated in 8~ decay of ¥ Se, complementing a series
of recent investigations of Br isotopes [5—10]. It is also worth
mentioning the search for the gg,,-proton-based excitation in
83 As in Ref. [11], which reports a tentative (9/2%) spin-parity
for the level at 2779 keV, used for adjusting parameters of
the shell model for the region and applied successfully to
reproduce levels in Br [5-10] and Rb [12—14] isotopes. Quite
large variations of the 7 f5,, — mgo/» s.p. energies adopted
in various shell-model calculations over the years have been
revealed (see, e.g., Ref. [11]). In the present work, we further
test the adopted shell-model parameters of Ni78-1I effective
interactions [5,15] by comparing the LSSM calculations to the
experimental information newly obtained for 8 Br as well as
to the known literature data on its N = 54 isotones.

After the Introduction, Sec. II describes the experimental
techniques used in the present work. In Sec. III we show
details of the data analysis and the results obtained for %Br.

©2022 American Physical Society
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FIG. 1. Ion counts as a function of quadrupole excitation fre-
quency in the purification trap of the JYFLTRAP Penning trap. The
mass-separated, singly charged ions of mass A = 89 are marked with
their element symbols.

This is followed by the discussion of the results aided by the
LSSM calculations which is presented in Sec. IV. Section V
summarizes the paper.

II. EXPERIMENTAL TECHNIQUES

The neutron-rich ¥Se nuclei were produced in a proton-
induced fission reaction [16]. A thin target foil of natural
thorium was bombarded with a 30 MeV proton beam from the
K-130 cyclotron of the University of Jyviskyl4. Fission prod-
ucts were extracted from the gas cell with the sextupole ion
guide (SPIG) [17] and accelerated to 30 keV. The fission frag-
ments were then mass separated based on their mass-to-charge
ratio m/q using a dipole magnet. The ions were cooled and
bunched using a radiofrequency cooler and buncher [18], and
further sent to the JYFLTRAP double Penning trap [19]. The
89Se* ions were selected in the first trap of the JYFLTRAP
using the mass-selective buffer gas cooling technique [20].
Figure 1 shows the spectrum of ions with mass A = 89, as a
function of quadrupole excitation frequency in the first trap,
recorded using a microchannel plate (MCP) detector after
the Penning trap. The yield of the mass-separated ¥Se was
about 60 ions/s at the MCP detector. Ions were extracted from
the trap every 101 ms and implanted into a movable tape at
the center of the detector setup. The tape was moved every
9 s to remove contribution from unwanted long-lived decay
products.

An array of seven germanium detectors, shown in Fig. 2,
was used to measure y radiation following 8~ decay of 3Se.
The array included six high-resolution, broad energy (BE-Ge)
detectors mounted in a plane perpendicular to the ion beam
direction and one large germanium detector with a relative
efficiency of 70%. The BE-Ge detectors, having energy reso-
lutions of 0.4 and 2.0 keV at 5.9 and 1332.5 keV, respectively,
were used to measure in detail low-energy y rays, whereas the
large germanium detector was used to register high-energy y
rays. This detector was mounted along the beam axis behind

FIG. 2. The y-detection setup, located after the Penning trap, as
used in the present work.

the vacuum chamber containing the tape-transport system (see
also Fig. 2 of Ref. [8]). The chamber had Mylar windows
allowing the BE-Ge detectors to measure down to 15 keV with
high efficiency.

The energy calibration of the detectors was performed us-
ing standard calibration sources including '**Ba, °Co, and
2By, In order to fit the y spectra measured in a 5 MeV
energy range into the analyzed 4K-channel histograms with-
out compromising the high resolution of the Be-Ge detectors,
we applied so-called constant-peak-width energy calibra-
tion, which is a strongly nonlinear calibration, E, = Cy +
Ci x (channel) + C, x (channel)?, with Cy = 0.0 keV, C; =
0.30 keV/channel, and C, = 0.000284 404 keV/channel®.
Such a calibration allows a nonlinear compression of the
spectra where the peak width is approximately constant over
the whole energy range analyzed. In addition to preserving the
high resolution at low energies, it enhances the visibility of
high-energy y lines without losing the resolving power. The
high efficiency of the detector setup allowed the collection of
about 3.2 x 108 triggerless events in a four-day measurement.
The data were collected using the digital gamma finder (DGF)
cards with a 40 MHz clock. After the energy recalibration,
singles and coincidence y events were sorted into one-, two-,
and three-dimensional histograms for further analysis.

III. ANALYSIS AND RESULTS

A. Data analysis

Despite the excellent separation providing the monoiso-
topic, B-decaying sample of ¥Se at the target position, the
analysis of y decays of excited levels in 3 Br measured with
the Ge array was not a straightforward task because of the lab-
oratory background radiation, dominating the weak-intensity
radiation following B~ decays of the A = 89 chain.

Figure 3(a) shows the singles-y spectrum measured by all
seven Ge detectors of the array, where strong background lines
are seen. The spectrum is dominated by y lines of primordial
nuclides from the environment such as *°K, 233U, and *3?>Th
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FIG. 3. y-ray spectra as measured in the present work: (a) singles y-ray spectrum, (b) total projection of a y-y histogram, (c) coincidence
y-ray spectrum gated on the 130.2-keV line. y lines in the spectra are labeled with energies in keV. The same nonlinear, constant-peak-width
energy calibration was applied in all three spectra (see text for details). The description of marked lines with E,, < 3 MeV is given in Table I.

In panel (a) a few unidentified, high-energy lines are marked.

with their daughters [21], and surrounding background such
as ®Co. Also seen are the strongest y transitions from nuclei
populated in B~ decay of the A = 89 chain nuclei, though
the strongest and the third strongest y lines of °Br at 130.2
and 401.0 keV [10] are barely visible in this spectrum. The
information on the strongest disturbing y transitions and the
strongest decays in the A = 89 chain, marked in the singles
spectrum, is summarized in Table I.

Figure 3(b) shows the total projection of the yy his-
togram measured by all seven Ge detectors of the array. The
total number of counts in this spectrum is nearly two or-
ders of magnitude lower than in the singles spectrum. This
is due to the 500 ns yy time-coincidence window, which
eliminated strong singles lines seen in Fig. 3(a). However,
a lot of Compton-scattered events are still present, forming

pronounced Compton ridges corresponding to the 1460.8-
and 2614.5-keV lines dominating in Fig. 3(a). These are the
background coincidence events created in a closely packed
Ge array, where strong y rays backscattered in one of the
detectors are recorded in another detector. The 130.2-keV
peak dominates the spectrum, and other lines of ®Br are also
clearly visible.

Applying gating conditions on the yy histogram al-
lowed further reduction of the contaminating background. In
Fig. 3(c) we show a spectrum gated on the 130.2-keV line,
reported as the strongest transition in 3Br [10]. The number
of counts in the spectrum is reduced by another two orders
of magnitude and the 401.0-keV line dominates the spectrum.
The new 1754.5-keV line of ®Br, clearly seen in Fig. 3(b),
is absent in Fig. 3(c), which suggests that it is in a cascade
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TABLE I. Information on the strongest y-ray transitions ob-
served in the singles spectrum in Fig. 3(a).

Energy (keV) Nucleus Source of radiation
130.2 $Br B~ decay, A = 89 chain
221.0 $Rb B~ decay, A = 89 chain
238.6 212pp 232Th series
351.9 2l4ph 28Q series

401.0 $Br B~ decay, A = 89 chain
511.0 e*e™ annihilation peak
583.2 20871 22Th series
609.3 214 23817 series

911.2 B8Ac 232Th series

953.3 $Kr B~ decay, A = 89 chain
969.0 28 A¢ 232Th series
997.9 Kr B~ decay, A = 89 chain
1031.5 89Sy B~ decay, A = 89 chain
1097.5 $Kr B~ decay, A = 89 chain
1120.3 2B 28Q series
1173.2 Co surrounding background
1223.4 $Br B~ decay, A = 89 chain
1238.1 2B 28Q series
1247.6 898y B~ decay, A = 89 chain
13325 0o surrounding background
1460.8 g primordial
1624.3 $Br B~ decay, A = 89 chain
1754.5 $Br B~ decay, A = 89 chain
1764.5 24Bi 28Q series
1847.4 214B4 2817 series
2195.5 8Sr B~ decay, A = 89 chain
2204.2 24Bi 28Q series
2614.5 2081 232Th series

parallel to the 130.2-keV, ground-state transition. In the fol-
lowing section the 130.2-keV gate and the 1754.5-keV line
are discussed in more detail.

B. Properties of the ¥Br nucleus
1. Identification of y lines in ®Br

The 130.2-keV line, reported in Ref. [10] as due to the
ground-state transition in % Br, was first tentatively assigned
to %Br by Rengan ez al. [22] who suggested that this transition
may deexcite a level at 130.2 keV in %Br because no other y
more intense than the 130.2 keV transition was observed in
the B~ decay of 89Br within a time interval of 2 s, and the
shape of the 3Br B~ spectrum did not indicate any isomer in
8Br with T1/2 > 2s.

In Ref. [10], the 130.2-keV line was observed in prompt,
crossover coincidences, with y lines from the 1441 4 and "®La
fission fragments expected to be the most pronounced com-
plementary fragments to 3°Br, corresponding to the 3n and
2n neutron-evaporation channels, respectively. The coinci-
dence with two La isotopes strongly suggested the assignment
of the 130.2-keV line to a bromine isotope. Because the
130.2-keV line was not observed in the well-studied 3’ Br [8,9]
and %8Br [5,7] nuclei, it was assigned to a heavier bromine
isotope. The 3Br isotope was proposed because the excitation
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FIG. 4. Time spectra gated on the (a) 130.2-keV y line of *Br,
(b) 1754.5-keV y line of ¥Br, and (c) y lines of ¥Kr. See the text
for more comments.

scheme built on top of the 130.2-keV level resembles the
excitation scheme of the odd-A ¥ Br [9] and differs from that
of the odd-odd ¥ Br [5]. The usual identification method using
the so-called mass-correlation technique (for a recent example
in the region see, e.g., Fig. 3 in Ref. [23]) was not applicable
because of rather low intensities of cross coincidences.

In the present work we could uniquely assign the
130.2-keV line to 3Br. First, it is present in the in-beam
spectrum, with the A = 89 monoisotopic beam on the target,
and is absent in the off-beam spectrum measured after the
in-beam run. This indicates that it is produced in the 8~ decay
of the A =89 chain. Second, the time spectrum gated on
the 130.2-keV y line, displayed in Fig. 4(a), shows that its
intensity growth corresponds to a 71, = 0.44(5) s decay half-
life, which matches well with the T, = 0.43(5) s half-life
adopted for the ground state of ¥Se [24].

Figure 4(b) shows the time spectrum gated on the newly
observed 1754.5-keV y line. Using such information one
can uniquely assign lines to the decay of %°Se, because their
intensity-growth pattern differs significantly from the pattern
following the decay of 3°Br. Figure 4(c) shows the time spec-
trum corresponding to the summed intensity growth of several
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FIG. 5. The scheme of excited levels in % Br populated in the 8~ decay of *’Se, as observed in the present work. The Qg value was taken

from [24]. See text for further information on spin-parity assignments.

y lines in 3Kr populated in the 8~ decay of the ¥ Br ground
state, having the half-life of 3.15(4) min.

The total number of counts in Fig. 4(c) is significantly
lower than in Fig. 4(a). This is because most of the 8~ ac-
tivity of 3Br was removed from the target position by the
tape. However, not all the activity was taken away because
some ions from the trap were scattered elsewhere rather than
being deposited on the tape. This caused the nonzero count at
channel zero seen in Fig. 4.

The spectra shown in Fig. 4 were measured from the start
of the data collection during a 9.00 s tape cycle. To take away

the deposited activity the tape was moved during the 0.60 s in
the end of each 9.00 s cycle.

2. The excitation scheme of ¥Br

The construction of the 3*Br level scheme shown in Fig. 5
started with the analysis of the y spectrum gated on the
130.2-keV line. Two fragments of this spectrum are shown in
Fig. 6, where one sees the 401.0-, 421.8-, and 822.8-keV lines
reported in the prompt-y measurement [9] and 27 lines corre-
sponding to new transitions in 8 Br, placed in the level scheme
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FIG. 6. Two fragments of a y spectrum gated on the 130.2-keV
line of ¥Br. Lines are labeled with their y energies in keV. A
nonlinear, constant-peak-width energy calibration was applied, the
same as in Fig. 3. See the text for more details.

and listed in Table II. In the 130.2-keV gated spectrum, as
well as in the 130.2- 401.0-keV double-gated spectrum, we
could not see any trace of the 592.6-keV line corresponding
to the transition decaying from the 1545.9-keV, (9/2%) level
reported in Ref. [10].

We also gated on lines corresponding to other ground-
state transitions in 3Br, reported in the prompt-y work [10].
The 506.5-keV gate revealed four new transitions feeding the
506.5-keV level; however, it does not show any trace of the
1039.2-keV transition from the (9/2%), reported in Ref. [10].
The 531.2-keV gate confirmed the 199.0-, 421.8-, 1223.4-,
and 2709.5-keV new lines seen in the 130.2-keV gate.

To search for new ground-state transitions we sorted a
specific two-dimensional yy histogram, called y-S2, where
along the y axis we sorted the two individual energies of
a 500-ns yy coincidence event whereas on the S2 axis the
sum of these two energies was sorted. This sensitive analysis
technique was described in more detail in previous papers
(see, e.g., Figs. 3 and 4 and the associated text in Ref. [25]).

Figure 7(a) shows the total projection of the y-S2 his-
togram on the S2 axis. The spectrum is dominated by the
strong line at 1460.8 keV corresponding to backscattering
between detectors of the 1460.8-keV y rays, seen in Fig. 3(a).
There are also peaks corresponding to energy sums of pairs
of coincident y transitions in A = 89 nuclei which, except for
peaks corresponding to the 531.2- and 1754.5-keV levels in
%9Br, are hard to spot. Nevertheless, gating on these lines is
very effective. Figure 7(b) shows a spectrum gated on the y
axis on the 130.2-keV line and projected on the S2 axis where

TABLE II. Properties of excited levels in 3°Br including their
energies Ee., spin-parities I”, B~ feeding with the corresponding
log,, ft values, and the energies E, of the depopulating transitions
with their relative intensities I, as observed following 8~ decay of
$9Se measured in the present work.

p feeding
E.. (keV) I (%) log,, ft E, (keV) I, (rel.)
0.0 5/2)~ 20¢
130.2(1) (3/2)~ 26(4) 5.5(2) 130.2(1)  1000(42)
439.0(2) (3/2)~ 1.1(3) 6.8(1) 308.8(1) 16(3)
439.0(1) 24(4)
446.9(2) 1/2)~ 1.6(5) 6.6(2) 316.7(1) 50(5)
446.9(1) 20(3)
506.5(1) 7/2)~ 3.4(6) 6.3(2) 506.5(1) 11009)
8.5(2) 1u
531.2(2) 5/2)~ 3.9(7) 6.2(1) 401.0(1) 150(9)
531.2(1) 65(5)
584.7(2) 1/2)~ 1.0(2) 6.8(2) 454.5(1) 31(3)
659.1(2) 0.7(3) 6.9(2) 528.9(1) 51(4)
730.1(2) 3/2)~ 2.8(4) 6.3(1) 199.0(2) 16(3)
283.2(1) 31(5)
599.9(1) 20(3)
953.0(2) 7/2)~ 2.8(3) 6.2(1) 421.8(1) 12(3)
8.5(1) lu 822.8(2) 3(1)
953.0(1) 65(5)
1010.9(3) 0.8(2) 6.8(2) 426.3(2) 7(2)
880.7(1) 23(3)
1051.4(3) 1.112) 6.6(2) 921.0(2) 6(2)
1051.6(2) 20(4)
1754.5(1)  (5/2)F 25(2) 5.1(1) 743.7(2) 9(3)
801.2(2) 5(2)
1223.4(2) 75(7)
1247.9(3) 3(1)
1315.4(2) 13(3)
1624.3(1) 84(7)
1754.5(1) 405(25)
2212.9(3) 0.8(2) 6.5(2) 1553.8(2) 9(3)
1681.7(2) 11(3)
2950.8(4) 0.5(2) 6.4(3) 2444.3(3) 11(3)
3067.9(3) 1.2(2) 6.0(2) 2408.4(2) 16(3)
2561.5(3) 10(3)
2057.4(2) 3(1)
3240.5(3) 1.4(3) 5.9(1) 2287.3(2) 7(2)
2581.6(3) 9(3)
2709.5(3) 8(3)
2734.0(2) 9(3)
2Assumed.

these peaks are well seen [note the same abscissa range in
Figs. 7(a) and 7(b)].

A spectrum gated on the 1460.8-keV peak on the S2
axis, displayed in Fig. 8(a), shows a smooth distribution of
Compton-scattered energies, with two maxima corresponding
to the backscattering of the 1460.8-keV singles line and two
weak discrete lines corresponding to the first escape effect.

In contrast, in Fig. 8(b) we show a spectrum gated on the
S2 axis on the 1010.9-keV peak (seen in the inset in Fig. 7),
corresponding to the 1010.9-keV level in ¥Br where one
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FIG. 7. (a) Total projection of the y-S2 histogram on the S2 axis.
(b) A spectrum gated on the y axis on the 130.2-keV line, projected
on the S2 axis. A nonlinear, constant-peak-width energy calibration
was applied, the same as in Fig. 3. See the text for more details.

sees two pronounced discrete lines and no Compton-scattered
events. However, the spectrum gated on the S2 axis on the
1754.5-keV peak, displayed in Fig. 8(c), shows both discrete
lines and Compton-scattered events. The latter correspond to
the backscattering of the strong 1754.5-keV y line and contain
in total more counts than the discrete lines.

Finally, in Fig. 8(d) we show a y spectrum where the gate
was set on the S2 axis on the 1545.9-keV region, correspond-
ing to the excitation energy of the 9/2% level in ®Br. We do
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FIG. 8. y-ray spectra gated on the S2 axis of the y-S2 histogram:
(a) gate on the 1460.8-keV line, (b) gate on the 1010.9-keV line, and
(c) gate on the 1754.5-keV line. Spectrum (d) is gated on the region
of the unobserved 1545.9-keV line. Energy calibration is as in Fig. 7.
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FIG. 9. Coincidence y spectrum gated on the 1754.5-keV line
of Br. Lines are labeled with their y energies in keV. A nonlin-
ear, constant-peak-width energy calibration was applied, the same
as in Fig. 3. The structure around 860 keV corresponds to cutting
the “ridge” present in the yy matrix due to backscaterring of the
dominant, 2614.5-keV background line.

not see any trace of the 1039.2-506.7-keV, strongest decay
cascade of this level, reported in Ref. [10].

In Fig. 9 we show a y spectrum gated on the 1754.5-
keV line, which suggest a strong direct population of the
1754.5-keV level in B8 decay. Indeed, in the spectrum, which
spans the energy range from 0 to 6 MeV, one can not identify,
in the present data, any discrete line feeding the 1754.5-keV
level.

3. log,, ft values of levels in ¥Br

Using the I, values, shown in Table II, we calculated
feeding of levels in 3Br in B~ decay of ¥Se, also shown in
the table. The B feedings were converted into corresponding
log,, ft values, using the LOGFT program [26]. We assumed a
20(10)% feeding for the ground state of 8Br, a value similar
to that reported in 87Br [8], and a 6(2)% B-n decay branch for
the ground state of 3°Se, estimated in the present work (see
Sec. III C 3).

The log,, ft values obtained are characteristic of the for-
bidden B~ transitions for most of the levels in ¥Br, except for
the 1754.5-keV level, which is most likely populated by an
allowed, Gamow-Teller transition.

One should stress that the log,, ft values (and their uncer-
tainties) listed in Table II are lower limits, considering that
there may be unobserved y transitions feeding levels. As seen
in Fig. 6 there are many weak high-energy transitions possibly
populating the 130.2-keV level.

4. Spin-parity assignments to levels of ¥Br

The low statistics of the present measurement did not allow
any analysis of angular correlations in y-y cascades of ®Br.
The proposed spins in ¥ Br are based on the decay branching
and log, ft values observed in this work and on the informa-
tion from prompt-y fission [10].

Considering the available s.p. proton configurations in 3°Br
one expects negative parity for most of the low-energy levels
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in this nucleus. The forbidden character of 8 transitions to
these levels and the allowed transition to the 1754.5-keV level
indicate positive parity of the latter.

With the information from Ref. [10] we assign spin-parities
/2, 3/2)~, (7/2)~, (5/2)~, and (7/2)" to the ground
state and 130.2-, 506.5-, 531.2-, and 953.0-keV excited levels,
respectively.

Tentative spin-parities (3/2)~ and (1/2)~ are proposed for
the 439.0- and 446.9-keV levels respectively. The 5/27 op-
tion is less likely because these levels were not seen in the
prompt-y work [10], which suggests their non-yrast character
(as discussed in Ref. [27], fission process populates predomi-
nantly yrast levels).

For the 584.7-keV level, which decays to the (3/2)~ level
at 130.2 keV but not to the (5/27) ground state, a tentative
(1/2)~ spin-parity is proposed, as the most likely option.
This level was not reported in prompt-y fission [10], which
supports its low spin.

The 730.1-keV level has spin lower than 7/2, because it
was not reported in prompt-y fission [10] and its log;, ft =
6.29(7) suggests negative parity. Its spin should be higher
than 1/2 because of the 199.0-keV decay to the (5/27) level
at 531.2 keV. Spin-parity (3/27) is favored because of the
283.2-keV decay to the 446.9-keV level with the proposed
spin-parity (1/27).

The most likely spin-parity for the 1754.5-keV level is
(5/2)*, considering its log,, ff and y decays to the (7/2)~
levels at 953.0 keV and the (3/2)~ level at 439 keV.

No assignment is made to other levels. We just note that
their spins range from 1/2 to 7/2 and their parity is probably
negative, considering their log,, ft values. Further sugges-
tions are given in Sec. IV B.

C. Properties of the ground state of ¥’Se
1. Half-life of the ¥Se ground state

To determine a more precise half-life of the ground state
of 3°Se we fitted the time spectrum created by summing time
spectra gated on the nine strongest y lines populated in 8~
decay of ¥Se, including the 130.2- and 1754.5-keV gates
shown in Fig. 4. The new half-life of the 3°Se ground state
obtained in this work is 77, = 0.39(3) s.

2. Spin-parity of the ®Se ground state

With the odd neutron occupying the ds, shell one would
expect the spin-parity of the 3°Se ground state to be 5/2%, as
tentatively adopted in the compilation [24], based on system-
atics and shell-model predictions, although other calculations
suggested spin-parity 3/2% [28].

The log,, ft values listed in Table II are consistent with
positive parity of the 3°Se ground state.

The B~ decay of the 3°Se ground state clearly populates
(7/27) levels at 506.5 and 953.0 keV in ¥Br. This indicates
that the spin of the #Se ground state is higher than 1/2. On
the other hand, the present analysis does not show any sign of
the population of the 9/2% at 1545.9 keV in ¥Br, observed
in prompt-y fission [10]. This indicates that the spin of the
ground state of °Se should be lower than 7/2.

Of the two options left the 5/2% spin-parity assignment to
the ground state of 3°Se is less likely, because of the nonpop-
ulation of the 9/27 level. Although the log,, f1 = 6.3 value
for (7/2)~ levels might suggest spin-parity 5/27, it is quite
likely that these values will increase in future, higher-statistic
measurements.

Another argument in favor of the 3/2" assignment steams
from the analysis of the 8~n decay channel of ®Se (see
Sec. III C 3), which most strongly populates the (27) level at
159.1 keV in ®Br. The 3™ level at 272.8 keV receives weaker
population and 4~ levels in **Br are not populated.

Considering the above, we propose a tentative spin-parity
(3/2)* assignment for the ground state of %°Se.

A similar 3/2% spin-parity was assigned in Ref. [8] to
the ground state of the %’Se isotope, confirming the earlier
proposition of Ref. [29] where it was explained as due to the
so-called j — 1 anomalous coupling of the three neutrons in
the ds;, shell. It is an interesting question to ask whether a
similar effect is also present at the N = 55 isotonic line.

3. B~ ndecay of ¥Se

In the present work we could observe some y decays
in 8Br populated via the f~n decay channel of 3°Se. The
strongest y line of 3¥Br seen at 159.1-keV in our data cor-
responds to the decay of the (27) level reported at 159.1 keV
in both, 8~ decay of 83e [7] and in neutron-induced fission
of 23U [5]. In the spectrum gated on the 159.1-keV line in the
yy histogram, the 113.9-keV line, corresponding to the decay
of the 3~ at 270.2 keV in 3 Br is clearly seen, but decays of 4~
levels, reported in Refs. [5,7] are not observed in the present
work.

The y intensity of the 159.1-keV line found in the singles
spectrum is a 0.04(1) fraction of the summed y intensity of
transitions feeding the ground state of ¥Br in f~ decay of
$9Se. Because the mixing ratios of the 130.2- and 159.1-keV
transitions as well as the direct population in 8~ of the ground
state of ®Br are not known, we cannot properly determine the
total intensity of the 8~ decay of %Se but a rough estimate
suggests that 3% of the B~ decay of 3°Se goes through the
159.1 keV line in 38Br. However, there are more ground-state
transitions in *Br, as reported in [5,7]. Of these, the 259.1-
and 262.3-keV lines are seen in our data with their total
singles intensity comparable to that of the 159.1-keV line. We
do not observe other ground-state transitions in 33Br reported
in [7] but the population in 8~ decay of %8Se may differ from
the population in B~n decay of ¥Se.

Based on the above data we roughly estimate the S~ n
decay branch of #Se to be 6(2)%, which is near the 7.8(25)%
value reported in the compilation [24].

IV. DISCUSSION

In this section we will first discuss possible structure of
excitations in Br looking at the systematic behavior of anal-
ogous excitations in the neighboring, odd-Z nuclei and then
compare them against the predictions of the large-scale shell
model.

024322-8



LOW-SPIN EXCITATIONS IN ¥Br POPULATED ...

PHYSICAL REVIEW C 106, 024322 (2022)

1.0

12, 32, 527
N=50 ] A ° .
9 N=52 ] A
> L
N=54 ] A
=
+/\
o 0.0 9/2 --@--------
(@)
p—
o [
>
5} — Ny
= pl/z{ g
|
o 1.0
N—
@]
> .
() 7/\7‘7‘%’// ;
= - fso] & 4
P32 ’
—2.0 - | | | |
Br Rb Y Nb

FIG. 10. Energies of 1/27,3/27, and 5/2 levels in the N = 50,
N =52, and N = 54 odd-Z isotones. Energies are drawn relative to
9/27" excitations. The data are taken from Refs. [8-10,24,37—40] and
the present work. Dashed lines are drawn to guide the eye.

A. Phenomenological description

One immediate observation when looking at the low-
energy excitation scheme of ®Br as well as that of ¥’ Br [8]
is the rather large number of excited levels below 2 MeV
(i.e., roughly, within the pairing-gap range). With only three
protons close to the Fermi level, 7 f5/2, 7 p3/2, and 7 p1 2, one
would expect a lower number of excitations in a single-well,
spherical potential. There are, of course, extra levels due to
residual interactions between these states but one wonders
whether they can account for all the observed states or should
one rather consider the existence of more than one minimum
in the potential. The latter option has already been consid-
ered in the region with a prolate [30,31] minimum present in
addition to the spherical one. In such a case the emerging col-
lectivity would split the p3,, and fs/, spherical proton shells
into Nilsson-type orbits, increasing the number of distinct s.p.
levels.

1. Low-spin, single-particle levels of negative parity

The low-energy, low-spin structures of 8’Br and %°Br are
quite similar. By analogy with the neighboring ®’Br [9] and
9IRb [24] we propose that the ground state and the first ex-
cited state at 130.2 keV in 3Br correspond to the odd proton
occupying the close-lying 7 p3 /> and 7 f5, orbitals. Therefore
one expects spin-parity of 3/2~ and 5/2~ for these two states
in 3Br, respectively, as proposed by Nyako et al. [10].

Figure 10 shows energies of the 1/27, 3/27, and 5/27
levels relative to the excitation of the 9/27 level in N = 54

isotones, including the present data for 3°Br. For comparison,
also shown are the analogous energies in the N = 50 and
N = 52 isotones.

The trends of the energies of the low-spin levels in Fig. 10
are remarkably similar in all three isotonic lines. This supports
the spin-parity assignments to these levels and suggests their
similar structure. One notes some deviation of the 1/2; point
at°'y and of 3/2 level in 8Br and 3"Rb.

The quickly varying energies of proton excitations with the
proton number Z in Fig. 10 reflect the population of subse-
quent proton orbitals when the proton Fermi level is rising.
This is similar to the quickly varying energies of neutron
excitations with the neutron number, driven by the population
of subsequent neutron orbitals in the isotopic chains (see, e.g.,
Figs. 1-3 in Ref. [32]). The populations of the 3/2] and
5/27 levels are very similar as a function of Z, confirming
close proximity of the fs5,, and p3;, shells observed previ-
ously [11,33-35]. The p;, shell is populated at higher Z.

2. Positive-parity levels due to the mgy;; shell

A distinct difference between the scheme of excitations in
8Br, populated in A~ decay of the ¥Se ground state and the
scheme of Br populated in 8~ decay of the ¥’ Se ground state
is the lack of the 9/27" excitation in the former, as seen in
Fig. 5. The difference is striking, because the same (3/27%)
spin-parity was proposed for the ground states of both %’Se
and ¥ Se mother nuclei, and the 9/2* level of the same 7 go /2
origin is present in both nuclei at similar excitation energies
of 1463.9 keV in ¥"Br [8,9] and of 1545.9 keV in *Br [10].

The 9/2% level in 8Br is not populated directly in A~
decay of the (3/2%) g.s. of ¥Se. It receives its population
via y decays of high-energy, low-spin levels of positive par-
ity, cascading to the 9/2% level. A similar structure of these
levels favors their strong links. Analogous cascades of levels
with spins decreasing with the increasing energy, feeding the
“opposite-parity,” high-spin isomers were observed before in
other nuclei and called “structurally controlled y-ray cas-
cades” [36].

In 3Br one most likely observes a 5/27 excitation of such
nature at 1754.5 keV. Its mgo,, origin is indicated by the
strong beta decay to this level, which most likely corresponds
to the vg7/» — mg9/» Gamow-Teller transition. The expected
E2 decay of the 1754.5 keV level, to the known 9/2% level
at 1545.9 keV of 208 keV, is not seen because it cannot
compete with the 1754.5- and 1624.3-keV E1 decays. In ¥ Br
the analogous E2 decay has an energy of 420 keV, which
allows about 30 times faster decay. The 420 keV branch in
87Br corresponds to 0.025 of the total y-decay intensity of the
(5/2%) level at 1883.6 keV [8]. Thus, in 8Br one might expect
a0.001 decay branch for the 208 transition, which is below the
0.003 limit of observation in the present work.

3. Collective versus single-particle excitations

The 7/2~ levels in 3°Br at 506.5 and 953.0 keV, strongly
populated in cold-neutron fission [10], are only weakly
populated in 8 decay. One reason, mentioned above, is that
the spin-parity of the ground state of the ’Se mother nucleus
is (3/2)™ rather than the previously assigned (5/27%) [24]. An-
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other reason may be a collective nature of these levels because
there is no proton orbital with spin-parity 7/2~ available.

Figure 11 shows excitation energies in bromine isotopes up
to 2 MeV above the ground state, which are drawn relative to
the energy of the 9/2% level. There is a significant increase
in the number of levels at N = 52 and 54 compared to N =
50 (as seen in Fig. 6, many weak lines emerge, which could
not be placed in the level scheme). These “extra” levels are,
among others, probably due to neutron-pair excitations.

In Fig. 11 some excitations display regular trends, like the
7/27 and 9/2] levels, but generally it is not clear which levels
with a given spin are related. To search for further regularities
we show in Fig. 12 excitations of Br isotopes in a wider
neutron range.

The choice of the 9/2% level as a reference, which was
optimal when showing systematic trends of proton levels
along the proton number in Fig. 10, may be less useful when
observing systematic trends of proton levels along the neutron
number, because its position is influenced by proton-neutron
residual interactions, which are particularly strong for intruder
orbitals. Therefore, in Fig. 12 the 5/27 level, expected to be
a relatively unmixed 7 f5,, s.p. configuration, was taken as a
reference.

In Fig. 12 the excitation energy of the 9/2] level has,
indeed, a pronounced minimum around N ~ 42, caused by
the strong mwgo/» —Vgo,, attraction. The collective strength is
represented by the energy of the 2/ excitation energy in the re-
spective A — 1 Se and A 4 1 Kr cores and is strongest around
this neutron number.
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FIG. 12. Systematics of low-spin levels in bromine isotopes
drawn relative to the 5/2| excitations. The data are taken from
Refs. [8-10,37,41-47] and the present work. Lines are drawn to
guide the eye.

The 5/2 levels at N = 52 and N = 54 follow the trend of
2;“ excitations, suggesting that they are due to the (7 g9/» ®
21); coupling.

Analogously, the 7/27 and 9/2] excitations probably
correspond to the 3/27 ® 2] and 5/2] ® 2] couplings, re-
spectively. Here the 3/2] and 5/2| levels are probably due to
7 p3y2 and 7 f5), origin, respectively.

There are also low-lying 1/2{, 3/2; and 5/2; levels,
which follow the trend set by the collectivity, which suggest
that they correspond to various couplings of this collectivity
to single-particle excitations:

(i) The so-called anomalous coupling was reported in
N = 53, even-Z isotones [29], where in addition to
the low-energy 5/27 level due to the odd neutron in
the ds/» shell one observes a low-energy, 3 /2;r level,
which is produced by three neutrons in the ds,, shell,
coupled with a collective excitation of the core. In
Fig. 12, one sees 3/2; levels close to the 5/27 level,
which may correspond to the ( f53/2) j—1 anomalous
coupling. The low-lying 3/2; levels in 87Br and *Br
may be of the same origin.

(ii) The 1/2] levels, which follow closely the 3/2; lev-
els, may correspond to the j — 2 anomalous coupling,
proposed first in this region in *°Rb [14] and ob-
served before in the N = 85 isotones (see Fig. 3 in
Ref. [48]). We note that the 1/2 levels are not due to
the 7 p1/» s.p. excitation expected at higher energies,
as seen in Fig. 10.

(iii) The 5/2; levels, which also have quite low excitation
energies and follow the trend of 7/2;" levels, may cor-
respond to another (77 f5,» ® ZT )j—1 not-fully-aligned
coupling.
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In the above discussion we proposed plausible explanations
to many of the low-energy levels in odd-A bromine isotopes.
However, there are still open questions, for example about the
low-energy 1/25 level in 87Br. It is thus of interest to use
model calculations to verify the above propositions.

B. Shell-model interpretation

The shell-model calculations were performed in a large
valence space outside the 78Ni core, including the 1f5,2, 2p3/,
2pi12, and 1go,, orbitals for protons and the 2ds;», 3512,
1g7/2, 1d3/2, and 1hyy,, orbitals for neutrons. The model and
the parameters of the calculations are the same as used in
Refs. [9,10] to describe ¥ Br and 3°Br nuclei and as in studies
of other nuclei in this region reported in Refs. [5-8,14]. The
full-space diagonalization of the Hamiltonian was achieved
using the shell-model code ANTOINE [49,50].

The calculated level scheme of % Br is compared to exper-
imental data in Fig. 13. All the experimental, low-spin states
have their theoretical counterparts, including four 3/2~ states.
This supports spin-parity assignments proposed in this work.

The calculated states all have largely fragmented wave
functions, without dominating components. As noted in
Ref. [10] the proximity of the p3,, and fs5,, orbitals favors
a large mixing and the development of deformation in this
region. The py,, orbital is also populated (from 0.4 to 0.9
particle) in all the low-spin states calculated, reaching the
maximum of one particle in the first excited 1/2~ state. The
5/27, 3/27, and 1/2 states share a common feature: the
contribution of the (7J~ ® v0™) configuration does not ex-
ceed 50% and decreases with excitation energy in favor of
the (73/27,5/27,1/27 ® v2T) components of equal impor-
tance.

In addition to the Br analysis, we compared experimental
and theoretical systematic trends of low-energy excitations in
the N = 50, N = 52, and N = 54 isotones. As seen in Fig. 14,
general experimental and calculated trends agree well.

At N = 50, the purely proton wave functions have a simple
structure. In 8 As70% of the 5/2 state corresponds to the
fs_/é configuration and 77% of the 3/2~ state corresponds to

the pé /o configuration. The lowest 1/27 state is a mixture
of different configurations where particles occupy these two
orbitals with only 0.35 particle in p;,,. With more protons,
in ®Br, ¥Rb, and #Y, one still finds the one-hole and one-
particle configurations dominating the 5/27 and 3/27 states
but the occupation of the p;,, orbital in the 1/27 state grows
to 0.84, 0.99, and 0.98 particle, respectively. After filling the
go,2 orbital in °INb the structure of the 3/2~ and 5/2~ states
changes to become a p;}, hole coupled to the g3 /> configura-
tion. This can be seen in Fig. 14 as the change in the trend of
3/27 and 5/2] levels between Y and Nb.

As discussed in the shell-model context in Ref. [51], the
N = 52 and N = 54 isotones in this region exhibit quadrupole
collectivity and even triaxiality. The increase of collectivity is
easily noted in the computed wave functions. With an addition
of only two neutrons the wave functions alter from over 70%
in 3 As to ~40% % As of pure one-particle one-hole contri-
butions in the 3/27 and 5/27 states. These numbers decrease
further in 87 As to about 30%, only.
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FIG. 13. Comparison of the experimental level scheme of the
% Br nucleus with the results of large-scale shell-model calculations.
See text for more comments.

Despite the increasing mixing in the wave functions when
adding neutrons and protons, the theoretical excitation pat-
terns in all three isotonic chains seen in Fig. 14 show a similar
breakdown of the “parabolic” trend below Br isotopes. A large
increase of the energy splitting between the 9/2% level and the
negative-parity states is observed in As isotopes as compared
to Br isotopes.

The 9/2% level in 3*As was proposed in Ref. [11] at
2779 keV. The recent work [52] questions this assignment,
though without proposing any specific level instead, stating
only that it might be one of their newly observed levels around
3 MeV. The present shell-model calculations predict this level
at 2.53 MeV.

It is important to note that in Ref. [52] shell-model calcu-
lations within the same model space and using an effective
interaction based on [53] were performed, predicting the po-
sition of the 9/2% at 2.37 MeV, in good agreement with
the current study. Earlier calculations of Ref. [54] using the
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JJ4B-based effective interaction and a smaller model space
also predicted a 2.5 MeV excitation energy for the 9/27 state
in 33 As. However, the f5/2 — 892 splitting in the core differs a
lot between those three interactions: it drops from 5.71 MeV
in the present work to 3.95 MeV in Ref. [52] and to 3.39 MeV
in Ref. [54]. Clearly, a better knowledge of positive-parity
excitations in As and in Ga isotopes is required to refine the
position of the proton orbitals in the "®Ni core and the two-
body matrix elements governing their evolution with proton
and neutron numbers.

V. SUMMARY

Low-spin, excited states of the neutron-rich ¥Br nucleus
populated in B~ decay of ¥Se have been studied for the
first time, using a high-efficiency array of high-resolution Ge
detectors after the JYFLTRAP Penning trap at the IGISOL
facility. The level scheme of %°Se was extended by twelve
new levels and 31 new y transitions. A spin-parity of (3/27)
has been proposed for the ground state of the %°Se mother nu-
cleus, replacing the (5/2%) assignment reported in databases.
The Gamow-Teller 8~ transition to the new 1754.5-keV
level with spin (5/2)" indicates its 77 g9 /»-based configuration.
Excitations based on 7 p3/, and 7 f5,, single-particle levels as
well as their anomalous coupling were proposed to explain
the low-energy excitation scheme of *Br. Systematic com-

parison with N = 50, N = 52, and N = 54 isotones was done
to help the interpretation of levels in ¥Br. Low-spin excita-
tions of 3Br were compared to the large scale shell-model
calculations to obtain further insight into their structure. The
calculations reproduced well most of experimental excitation
energies in ®Br as well as in As—Nb nuclei along the three
isotonic lines, supporting the proposed interpretations. In par-
ticular, the position of the g9/, orbital and the associated
9/2% excitations were discussed, providing some support for
the excitation energy of the 9/2% level in ¥ As at around
2.8 MeV, proposed in our earlier work, though further studies
are needed in this subject.
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