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Excited levels in 87Br, populated in β decay of 87Se, have been studied by means of γ -ray spectroscopy using
an array of broad energy Ge detectors. 87Se nuclei were produced by irradiating a natural Th target with 25-MeV
protons. Fission products were extracted from the target chamber using the IGISOL technique, then separated on
a dipole magnet and Penning trap (JYFLTRAP) setup. The scheme of excited levels of 87Br has been significantly
extended. 114 new transitions and 51 new levels were established. β feedings and log( f t ) values of levels were
determined. The upper limit for β feeding to the ground state of 87Br was determined to be 23(5)%. Ground state
spin and parity 5/2− was confirmed, as suggested by previous studies. We also confirm the low-energy excited
state at 6.02 keV. The ground state and two lowest excited states in 87Br were interpreted as the (π f5/2)3

j, j−1, j−2

triplet produced by the so-called anomalous coupling. The 333.61- and 699.26-keV levels were interpreted as
π p3/2 and π p1/2 single-particle excitations. The 9/2+ level reported previously as corresponding to the πg9/2

single-particle excitation is proposed to be an isomer with half-life 20 ns. Large-scale shell-model calculations
performed in this work are in good agreement with experimental results.

DOI: 10.1103/PhysRevC.100.054331

I. INTRODUCTION

Evolution of nuclear collectivity in nuclei remains one
of the most important aspects of nuclear structure studies.
This work is a continuation of our previous studies in the
“northeast” region of 78Ni [1–6]. Of particular interest is
the understanding of how collectivity evolves above the N =
50 closed shell. Another interesting aspect in this region is
how the large excess of neutrons modifies the shell structure
compared to the structure at the stability line. It has been
predicted by various calculations that the excess of neutrons
affects neutron density, resulting in quenching of shell effects
[7]. Neutron-rich nuclei in the vicinity of doubly magic nuclei,
such as 78Ni, provide a basis for testing such predictions.
Excited states in nuclei from this region provide information
on single-particle energies as well as on collectivity evolution
just above the closed shell [8], providing input for testing
nuclei with large excesses of neutrons [9]. Precise modeling
of nuclear structure has direct impact on the r-process path
occurring in type-II supernovae [10].

In our recent work on 83As [11] we discussed the single-
particle energy of the πg9/2 orbital, which is crucial for
describing medium-spin levels in the region. It is of high
importance to confirm this result. This may be achieved by
studying other nuclei in this region, such as 87Br. Medium-
spin states of 87Br were recently studied in the neutron-
induced fission of 235U [12]. Preliminary results suggest the
presence of a 9/2+ level corresponding to the πg9/2 orbital. To
confirm this result, proper identification of spins and parities
in 87Br is required, especially spin-parity of the ground state.

It was tentatively assigned to be 5/2− in a β-decay study of
87Br [13] to account for spins and parities in 87Kr populated in
β decay of 87Br. To confirm this assignment and to determine
spins and parities of excited states in 87Br, we have measured
γ radiation following β decay of 87Se. The experiment was
performed at the IGISOL facility [14] of the Accelerator
Laboratory of the University of Jyväskylä, using an array of
broad energy Ge (BEGe) detectors assembled there by the
University of Warsaw group.

This work is organized as follows. After experimental
details are given in Sec. II, results are described in Sec. III.
This is followed by a discussion in Sec. IV, where results
are interpreted in the shell-model framework and compared to
large-scale shell-model calculations. The work is summarized
in Sec. V.

II. EXPERIMENTAL DETAILS

Neutron-rich 87Se were populated in fission induced by a
25-MeV, 9-μA proton beam, irradiating a natural Th target.
Fission products were separated using the IGISOL-4 setup
[15]. Fission fragments were stopped in helium gas, then
collimated and accelerated up to 30 keV using a sextupole
ion guide (SPIG) electrode [16]. After separation a using 55◦
dipole magnet, the isobaric ion beam was electrostatically
decelerated in a cooler-buncher [17] down to 100 eV, then
sent in bunches to JYFLTRAP [14,18], a double Penning
trap setup for isobaric purification and effective reduction
of background. Only the purification trap was used. The
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FIG. 1. Spectrum of singly charged ions with mass number A =
87 obtained using a mass selective buffer-gas cooling technique
[19] and detected on a MCP detector located behind the Penning
traps. Peaks corresponding to various isotopes are marked with their
element symbol.

separation technique is described in detail in Refs. [14,19].
In Fig. 1 we present the spectrum of ions with mass A = 87 as
function of quadrupolar excitation, νq. The measurement was
performed using a microchannel plate (MCP) located behind
the Penning traps. As seen in Fig. 1, a monoisotopic beam of
87Se+ ions was delivered after the purification in the Penning
trap. The rate on the MCP detector of 87Se+ was about
1000 ions/s. The duration of the purification-trap cycle was
101 ms.

Ions of 87Se+ were implanted into plastic tape in the focus
point of the Ge array. During the measurement the tape was
not moving. The detector setup is presented in Fig. 2. It consist
of six high-resolution germanium detectors of 25% efficiency
(BEGe) with thin carbon composite windows (0.6 mm) pro-
viding good transmission for low-energy γ rays. Those detec-
tors (blue color in Fig. 2) were mounted in octagonal geometry
around the implantation point in a plane perpendicular to the

FIG. 2. Experimental setup used in this experiment. 87Se+ ions,
released from JYFLTRAP, are implanted in the middle of a Ge array.
γ rays emitted in β decay are registered by six BEGe detectors (blue)
and one large-volume Ge detector (red). See text for more details.

ion beam direction. Resolution of BEGe detectors was 0.4
and 2.0 keV at 5.9 and 1332.5 keV, respectively. In addition
one large Ge detector with efficiency 70% was installed to
register high-energy γ rays. It was mounted in a position
perpendicular with respect to the plane of other detectors (red
color in Fig. 2). Vacuum chamber windows were made of thin
Kapton foil (0.126 mm) to minimize absorption of low-energy
γ rays. Each of the Kapton windows was facing one of the
BEGe detectors. The window in front of the large detector
was covered with thin metal foil.

Data were collected in triggerless mode using digital
gamma finder cards (DGF). Collected data was ordered in
time and sorted into various one- and two-dimensional his-
tograms for further analysis.

III. RESULTS

A. β-decay scheme of 87Br

β decay of 87Se was measured for the first time by Zendel
et al. [20]. 87Se nuclei were produced in thermal neutron
induced fission of 235U then separated from other fission prod-
ucts using subsequent chemical separation. A partial scheme
of excited states in 87Br was proposed. Based on intensity
balances, log( f t ) values were calculated and tentative spins
and parities for levels were proposed.

The partial scheme of excited states obtained in this work
is presented in Fig. 3. It is based on γ γ coincidences sorted
within a 500 ns window. Examples of gated spectra are shown
in Figs. 4(a)–4(c), illustrating quality of the data. The new
data extend the level scheme reported in Ref. [20] by 114 new
transitions and 51 new levels.

For clarity, levels observed above 2919.49-keV level are
not shown in Fig. 3. All transitions and levels observed in this
work are listed in Table I. Note that energy values presented
in Fig. 3 are transition energies, corrected for the recoil of
the nucleus, while values reported in Table I are measured
γ -ray energies. γ -ray intensities are obtained from γ -singles
spectra.

No direct measurement of absolute intensities of transitions
in 87Br was done in the present work. However, because
during our measurement the tape was not moving, we could
assume that β decay of 87Se to 87Br and later to 87Kr oc-
curs under radioactive equilibrium. Therefore, we used the
absolute intensity, 22.0(3), of the 1419.71-keV transition in
87Kr [21] to calculate absolute intensity (per 100 β decays) of
lines in 87Br. The results are shown in Table I as Itot. Absolute
intensity values include correction for the internal conversion
effect, taken as a mean theoretical value for M1 and E2 mul-
tipolarity. Internal conversion coefficients were calculated for
γ rays with energies below 300 keV using BRICC code [22].

We confirm the 242.55-, 334.0-, 468.0-, 573.2-, 710.5-,
1167.6-, 1305.0-, and 3744.5-keV transitions reported earlier.
The 242.55-, 572.67-, and 710.16-keV transitions are feeding
the level at 6.02 keV, newly observed in Ref. [12], instead of
the ground state, as reported in [20]. The 1878.1- and 3683.8-
keV transitions from [20] were not observed in this work;
however; we report 1883.2- and 3688.8-keV transitions, feed-
ing the ground state and the 248.56-keV level, respectively.
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FIG. 3. Part I. Partial scheme of excited levels in 87Br, populated in β decay of 87Se, as observed in the present work. Thickness of arrows
representing transitions is proportional to their relative γ -ray intensities.

The 3926-keV transition reported in Ref. [20] as feeding the
ground state is not seen in our data.

We do observe the 1463.8-keV level, which was reported
in prompt-γ fission [12] and assigned spin-parity 9/2+. Such
high spin is not expected to be populated directly in β decay
of the (3/2+) ground state of 87Se but this level may be
populated by γ decays of levels with lower spins which are
located above the 9/2+ level. Indeed, we observe the 388.07-
and 419.9-keV transitions from the 1851.9- and 1883.59-keV
levels, respectively, feeding the 9/2+ level.

B. log( f t ) and β feeding

Based on intensity balances the log( f t ) values were calcu-
lated using Fermi function tables [23]. Because of low energy
and high conversion coefficient we do not observe the decay of
the 6.02-keV level to the ground state. Therefore, we were not
able to calculate β feeding and corresponding log( f t ) values
for this level. Absolute γ -ray intensities feeding the 6.02-keV
level and ground state are equal to 47(4)% and 30(1)%,
respectively. β feeding of the ground state was estimated in
Ref. [20] to be 32%. Later, Lin et al. [24] reported a new
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FIG. 3. Part II. (Continued.)

value of 42.5%. We can calculate an upper limit for this value,
assuming that there is no β feeding to the 6.02-keV level,
which decays to the ground state. Because summed, absolute
intensity of transitions feeding the ground state is 77(5)% and
the β-n decay channel of 87Se accounts for 0.36% decays, we
estimate the upper limit for the feeding of the ground state to
be 23(5)%. The obtained value is lower than values reported
earlier [20,24] and may be even lower if the 6.02-keV level
receives any direct population in β decay of 87Se.

C. Spin and parity assignments

Systematics of N = 53 isotones suggest (3/2+) spin-parity
for the ground state of 87Se, the mother nucleus of 87Br. This
value is supported by shell-model calculations and interpreted
in terms of the so-called j − 1 anomaly [2].

Of prime importance for spin-parity assignments of excited
states in 87Br is the knowledge of its ground-state spin and
parity. In the compilation [25] the 3/2− value was proposed,
based on systematics and the observed log( f t ) values. Later,
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FIG. 4. Examples of gated γ -ray spectra obtained in this work.
(a) γ -ray spectrum gated on the 242.55-keV transition. (b) γ -ray
spectrum gated on the 333.62-keV transition. (c) γ -ray spectrum
gated on the 662.60-keV transition. Energies are in keV.

this was changed to 5/2−, to account for measured spin values
in 87Kr. [26]. Recent work [12] on low-to-medium spin states
in 87Br, populated in neutron-induced fission of 235U, reported
bandlike structures in this nucleus, supporting spin-parity
5/2− for the ground state of 87Br. The 5/2− value agrees
with the β-feeding upper limit of 23(5)% and log( f t ) =
6.3 for the 87Br ground state estimated in the present work
and is consistent with the first forbidden β decay from the
(3/2+) g.s. state of 87Se. Therefore we adopt spin-parity 5/2−
for the ground state of 87Br.

Calculated log( f t ) values alongside observed branchings
were used in this work to propose spins and parities to excited
levels in 87Br. We do not observe enhanced β decays to low-
energy excited states in 87Br. The obtained log( f t ) values,
varying in a range from 6 to 8, may be associated with first-

forbidden β transitions, suggesting negative parity for most of
the low-spin excitations populated in β decay of the (3/2+)
ground state of 87Se. Negative parity for low-energy, low-spin
excitations of 87Br was also proposed in Ref. [12].

The 874.9- and 618.19-keV levels were observed in the
(235U + n) fission measurement [12,27] and tentatively as-
signed spins 9/2− and 7/2−, respectively. Those levels are
probably members of a collective structure built on top the
ground state. We do not observe any feeding of the 874.9-keV
level in β decay. This suggests that the spin of this level differs
from the spin of the 87Se ground state by more than two units.
Therefore, we support the 9/2− spin-parity for the 874.9-keV
level. The 618.19-keV level decays only to the ground state,
therefore spin higher than 5/2− is expected for this level.
Its log( f t ) = 9.2 calculated for the first-forbidden, unique β

decay is consistent with the 7/2− spin assignment for this
level.

Angular correlations for the 589.0–874.9-keV cascade re-
ported in Refs. [12,27] suggest mixed Q + D character for
the 589.0-keV transition and are consistent with (9/2+) spin-
parity for the 1463.89-keV level. We observe small β feeding
0.7(2)% to this state, which is unexpected considering the
three units of angular momentum difference between the
spin of the g.s. of the mother nucleus and the 1463.89-keV
level. Because of the relatively large Qβ value there may
some amount of unobserved intensity feeding this state via a
number of undetected weak γ transitions due to the so-called
pandemonium effect [28]. Therefore, the observed β-feeding
value should be treated as an upper limit rather than a firm
value.

The 1463.89-keV level is fed by the 388.07-keV decay
of the 1851.90-keV level, as seen in Fig. 4(c), showing γ

spectrum gated on the 662.60-keV line, which depopulates
the 1463.89-keV level. The observed decay pattern of the
1851.90-keV level suggest that its spin cannot be lower than
7/2, because it has prompt decays to 9/2+, 1463.89-keV and
9/2−, 874.9-keV levels. We propose spin-parity 7/2+ for this
level.

The 1883.59-, 2620.55-, and 2919.49-keV levels receive
relatively strong feeding in β decay resulting in log( f t ) lower
than log( f t ) values of other levels with similar excitation
energies. Considering also their decays to the 9/2+, 1463.89-
keV level and to each other, we propose that these three levels
are populated in allowed β -decay and have positive parity.
The observed branchings from the three levels suggest spin-
parities of (5/2+), (3/2+, 5/2+), and (5/2+) for the 1883.59-,
2620.55-, and 2919.49-keV levels, respectively.

Based on the E2 character of the 795.12-keV transition
and the observed decay pattern of the 801.26-keV level, spin-
parities of 3/2− and 7/2− were assigned to the 6.02- and
801.26-keV levels, respectively [12,27]. The 7/2− spin-parity
for the 801.26-keV level is consistent with our log( f t ) = 9.0,
calculated for the first-forbidden unique β transition. We also
uphold the 3/2− assignment to the 6.02-keV level, reported in
Refs. [12,27].

Strong β feeding is observed to the 248.56- and 333.61-
keV levels. The log( f t ) values of 6.5(2) and 6.4(1), deter-
mined for these levels, respectively, suggests spin values of
1/2, 3/2, and 5/2 for both levels. The 248.56-keV level
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TABLE I. Energies of excited levels, Elev, and spins Iπ , with beta feedings and corresponding log( f t ) values, alongside observed gamma
transitions depopulating given excited levels, described by energy of γ ray, Eγ , and transition intensities per 100 decays, Itot . Values presented
in bold were calculated for first-forbidden unique β transitions. See text for more information.

Elev (keV) Iπ β feed. (%) log( f t ) Eγ (keV) Itot

0.0 5/2− �23(5) �6.3(2)
6.02(8) (3/2−)
248.56(6) (1/2−) 11.1(3.1) 6.5(2) 242.55(2) 26.5(2.8)

248.54(9) 0.28(5)
333.61(3) (3/2−) 12.8(1.8) 6.4(1) 85.06(5) 1.7(3)

327.52(7) 3.2(4)
333.62(4) 18.9(1.3)

578.73(4) (5/2−) 3.0(1.0) 7.0(3) 245.14(4) 1.8(2)
572.67(5) 7.1(9)
578.70(8) 2.6(2)

618.19(8) (7/2−) 1.9(4) 9.2(2) 618.19(8) 3.5(4)
699.26(8) 1/2− 1.8(4) 7.2(2) 451.1(2) 0.16(2)

693.17(4) 3.3(3)
716.30(6) (3/2−) 6.0(1.0) 6.6(2) 137.62(5) 1.2(2)

382.67(5) 0.72(7)
467.74(2) 7.2(8)
710.16(8) 1.8(2)

771.12(5) (5/2−) 3.4(4) 6.9(1) 437.51(5) 1.1(1)
764.92(9) 2.4(2)
771.2(1) 1.4(1)

801.26(4) (7/2−) 2.6(5) 9.0(2) 222.70(5) 1.5(2)
795.12(6) 1.5(3)
801.07(8) 1.2(1)

874.9(2) 9/2− −0.01(12) 257.0(1) 0.05(2)
874.8(2) 0.5(1)

1034.68(4) (5/2−) 0.6(2) 7.5(3) 318.3(3) 0.1(1)
701.06(4) 1.4(1)
786.14(8) 0.22(3)

1145.69(8) (5/2−, 7/2−) 0.6(1) 7.5(1) 374.63(8) 0.23(5)
566.9(2) 0.15(3)
811.8(2) 0.18(3)

1163.79(5) (5/2−) 2.2(4) 6.9(1) 392.0(2) 0.15(5)
447.6(1) 0.18(5)
464.6(2) 0.05(1)
585.06(8) 0.49(7)
830.0(2) 0.22(3)
915.2(2) 0.12(3)

1157.6(2) 1.3(3)
1217.88(6) (3/2−, 5/2−) 0.9(1) 7.3(1) 599.9(1) 0.09(2)

639.4(1) 0.21(3)
884.02(8) 0.62(6)

1333.3(2) 0.09(2) 8.3(2) 999.7(2) 0.09(2)
1340.40(7) (5/2−) 0.7(1) 7.4(1) 569.32(8) 0.39(7)

722.13(8) 0.22(5)
761.8(3) 0.11(2)

1463.89(7) 9/2+ <0.7(2) 318.2(2) 0.1(1)
429.0(2) 0.28(4)
589.0(2) 0.30(6)
662.60(8) 0.9(1)
846.0(2) 0.10(3)

1457.8(2) 0.43(9)
1463.8(3) 0.1(1)

1537.19(8) (1/2−, 3/2−) 0.2(1) 7.8(5) 820.89(7) 0.61(8)
1620.94(9) (3/2−, 5/2−) 1.0(1) 7.1(1) 1042.3(3) 0.19(5)

1372.37(7) 1.0(1)
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TABLE I. Continued.

Elev (keV) Iπ β feed. (%) log( f t ) Eγ (keV) Itot

1642.1(2) 0.6(1) 7.4(1) 607.2(4) 0.12(3)
925.9(3) 0.09(2)

1063.3(3) 0.39(6)
1672.0(2) 0.4(1) 7.5(1) 1338.3(2) 0.38(5)
1716.6(2) (5/2−) 0.4(1) 7.5(1) 1098.3(2) 0.13(3)

1383.1(3) 0.26(4)
1817.0(2) 0.16(3) 7.9(2) 1100.7(2) 0.16(3)
1851.90(7) (7/2+) <1.0(2) 388.07(7) 1.03(9)

817.2(2) 0.10(3)
976.7(2) 0.22(3)

1273.1(2) 0.7(1)
1883.59(4) (5/2+) 7.3(8) 6.2(1) 419.9(2) 0.21(4)

719.3(2) 0.18(5)
1082.4(1) 0.7(1)
1167.32(5) 2.2(3)
1265.45(8) 0.35(9)
1304.93(7) 2.4(2)
1549.8(2) 0.41(6)
1883.1(2) 1.8(3)

2000.8(2) 0.34(5) 7.5(1) 1667.1(3) 0.22(3)
1752.3(3) 0.13(3)

2137.68(9) 0.5(1) 7.3(2) 600.4(1) 0.21(7)
1889.2(1) 0.25(4)

2155.8(2) 0.17(5) 7.7(3) 1384.7(2) 0.17(5)
2303.8(4) 0.10(2) 7.9(2) 2055.2(4) 0.10(2)
2318.1(1) 0.3(1) 7.3(2) 697.2(1) 0.12(4)

1601.9(4) 0.16(4)
1699.6(5) 0.07(4)

2454.39(8) (1/2,3/2) 1.6(2) 6.6(1) 1738.1(1) 0.42(5)
1755.1(2) 0.30(4)
2121.1(3) 0.22(4)
2205.7(2) 0.67(9)

2620.55(5) (3/2+, 5/2+) 3.0(3) 6.3(1) 736.8(1) 0.5(1)
768.6(3) 0.10(3)

1456.6(2) 0.18(5)
1849.5(2) 0.29(7)
1904.1(1) 0.76(9)
1921.2(3) 0.13(3)
2041.8(2) 0.48(5)
2287.2(4) 0.24(4)
2372.4(1) 0.40(6)

2652.7(2) 0.5(1) 7.1(2) 2034.6(2) 0.31(8)
2318.0(6) 0.16(5)

2672.2(2) 0.3(1) 7.2(2) 1972.9(2) 0.33(6)
2919.49(9) (5/2+) 2.1(2) 6.3(1) 1035.8(2) 0.4(1)

1067.2(2) 0.70(6)
1884.7(2) 0.5(1)
2203.6(2) 0.34(6)
2301.5(2) 0.22(6)

3094.7(8) (1/2,3/2) 0.10(3) 7.6(3) 2846.0(8) 0.10(3)
3542.3(5) (1/2,3/2) 0.17(4) 7.1(2) 3293.6(5) 0.18(3)
3545.9(9) 0.17(2) 7.1(1) 3212.2(9) 0.18(3)
3606.0(3) (1/2,3/2) 0.4(1) 6.7(2) 3357.3(3) 0.40(6)
3726(1) 0.14(4) 7.1(3) 3392(1) 0.14(4)
3748(1) (3/2,5/2) 0.17(5) 7.0(3) 2977(1) 0.17(5)
3809.7(6) (1/2,3/2) 0.14(4) 7.1(3) 3561.0(6) 0.14(4)
3825.6(5) (1/2,3/2) 0.16(5) 7.0(3) 3126.2(5) 0.16(5)
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TABLE I. Continued.

Elev (keV) Iπ β feed. (%) log( f t ) Eγ (keV) Itot

3827.4(4) 0.4(1) 6.6(2) 3493.7(4) 0.40(7)
3902.8(3) (1/2,3/2) 0.4(1) 6.6(2) 3203.4(3) 0.36(9)
3937.4(2) 0.8(1) 6.3(1) 3603.6(4) 0.36(7)

3688.8(3) 0.41(6)
3994.4(2) (1/2,3/2) 1.2(1) 6.1(1) 3294.9(3) 0.22(5)

3745.8(2) 0.95(9)
4055.0(5) 0.3(1) 6.6(1) 3722.4(9) 0.17(4)

3805.9(6) 0.17(3)
4093.5(2) 0.9(2) 6.1(2) 3759.8(2) 0.9(1)
4111.1(4) (1/2,3/2) 0.13(5) 7.0(3) 3862.4(4) 0.13(5)
4210.5(7) 0.15(4) 6.8(2) 3876.8(7) 0.15(4)
4238.8(4) 0.30(5) 6.5(2) 3905.1(4) 0.30(5)
4279.0(4) (1/2,3/2) 0.22(4) 6.6(2) 4030.3(4) 0.22(4)
4342.7(3) 0.7(1) 6.1(1) 2804.7(6) 0.19(3)

4009.4(4) 0.52(7)
4343.7(4) (1/2,3/2) 0.19(4) 6.7(2) 4095.0(4) 0.19(4)
4418.2(5) (1/2,3/2) 0.21(4) 6.6(2) 4169.5(5) 0.21(4)
4424.1(6) 0.15(4) 6.7(2) 4090.4(6) 0.15(4)
4496.1(5) (3/2,5/2) 0.21(5) 6.5(2) 3917.3(5) 0.21(5)
4605.7(3) (5/2) 0.3(1) 6.3(2) 2753.8(3) 0.31(7)
4607.4(4) (3/2,5/2) 0.4(1) 6.2(2) 4028.6(4) 0.36(7)
5383(2) 0.09(4) 6.2(4) 5049(2) 0.09(4)

decays predominantly to the 3/2−, 6.02-keV level and only
weakly to the 5/2−ground state. Therefore we propose spin-
parity 1/2− for this level. The dominating 333.62-keV decay
of the 333.61-keV level to the 5/2− ground state suggest
its M1 + E2 multipolarity. Considering that the 333.61-keV
level also decays by low-energy, 85.06-keV transition to the
1/2−, 248.56-keV level, we propose spin-parity 3/2− for the
333.61-keV level.

With spin-parity 1/2− for the 248.56-keV level, spin and
parity of the 1034.68-keV level is not higher than 5/2−. This
means that the multipolarity of the 429.0-keV decay from the
1463.89-keV level is M2, which may be surprising but as
discussed below is possible.

The 578.73-keV level decays to the 6.02-keV level and
the ground state. This, along with its log( f t ) = 7.0, suggest
spin-parity of 3/2− or 5/2− for this level. We do not observe
any decay to the 1/2−, 248.56-keV level. Therefore the 3/2−
value is less likely. Another argument in favor of spin-parity
5/2− is the mixed D + Q multipolarity of the 222.70-keV
decay from the 801.26-keV level [27].

The 699.26-keV level was not observed in the fission mea-
surement [12,27]. This suggests its non-yrast character, and
the dominating decay to the 1/2−, 6.02-keV level suggests
spin value lower than 3/2−. We tentatively assign to this level
spin-parity (1/2−), which is consistent with its decay pattern
and its log( f t ) = 7.2.

Prompt, low-energy decays of the 716.30-keV level to both
1/2− and 5/2− levels strongly suggests spin-parity 3/2− for
the 716.30-keV level.

Spin-parity assignments to other levels, consistent with
our log( f t ) values and observed decay patterns, are listed in
Table I and shown in Fig. 3.

D. Possible isomeric nature of the 1463.8-keV level

As pointed out above, the 429.0-keV transition from the
1463.89-keV level may have an M2 multipolarity. At this
transition energy one would expect the partial half-life for
such decay to be at least 200 ns for an M2 of 0.3 W.u. Consid-
ering the observed branching of the 429.0-keV transition from
the 1463.89-keV level, this translates to a half-life of about
20 ns for the 1463.89-keV level. We also notice that according
to spin-parity assignments the 1457.8-keV decay from the
1463.89-keV level should be an E3 transition. An expected
partial half-life for an E3 transition of 3 W.u. at this energy
is about 100 ns. This, again, translates to 20 ns half-life of
the 1463.89-keV level when taking into account the observed
branching for the 1457.8-keV decay. It is then likely that the
1463.89-keV level is an isomer with a half-life of about 20 ns.
In the present work we were not able to observe half-lives that
short because of the 25 MHz clock of the digital electronics
and nonfavorable timing of BEGe detectors. One may note
that, with the above estimate being valid, the 1463.8-keV M2
branch would correspond to about 2 × 10−4 W.u. only, which
is much different from the assumed rate of 0.3 W.u. for the
429.0-keV branch. This would mean different structures of the
1034.68-keV level and the ground state.

IV. DISCUSSION

A. Proposed interpretation of levels

Single-particle (s.p.) configurations of low-energy excited
states in odd-even N = 52 isotones are due to proton orbitals
located above the Z = 28 closed shell, namely the π f5/2,
π p3/2, and π p1/2 negative-parity orbitals and and the πg9/2
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FIG. 5. Partial excitation scheme of 87Br, drawn from Fig. 3 to assist the discussion.

intruder orbital. One also expects quadrupole collective ex-
citations built on those s.p. configurations. These excitations
are expected to be due to vibrations in the even-even cores
in this region, as discussed in our previous studies [1,2,6,29].
Furthermore, this collectivity coupled to a s.p. orbital with
spin j, occupied by a few nucleons, may result in the so-
called anomalous coupling, producing a multiplet of close-
lying states with spins j, j − 1, j − 2 [30], as observed in
N = 53 even-odd isotones in this region [2–5]. Such states,
also called “dressed” [31,32] can be interpreted as seniority
coupling [33] or, more generally though less specific, as being
due to the so-called Jahn-Teller effect [34], which removes the
degeneracy of an orbital populated by several particles due to
coupling to a collective excitation. In odd-even N = 52 iso-
tones from the discussed region above Z = 28, these particles
can be found in the nearly degenerate π f5/2 and π p3/2 proton
orbitals.

The mentioned effects will produce several low-energy ex-
citations, where those with the same spin and parity will mix,
because of similar origin and excitation energy. Therefore, one
should not expect clear distinctions between various possible
structures. In Fig. 5 we redraw low-energy excitations in
87Br shown in Fig. 3, unfolding the scheme into six different
structures, labeled A to F, which are discussed below.

The ground state of 87Br with spin-parity 5/2− can be as-
sociated with the odd proton in the π f5/2 orbital. The ground
state level is probably a collective structure, because accord-
ing to the spherical shell-model scheme the π f5/2 orbital in
87Br is occupied by three protons. Therefore, on expects a
triplet comprising three levels with spin 5/2− (the ground
state), 3/2−, and 1/2−, produced by “anomalous coupling.”
On top of the 5/2− ground state a collective structure is built,
corresponding to vibrations of the 86Se core. The vibrational
band, labeled B, comprises the 618.19- and 874.9-keV levels
seen in this work and continues to higher spins, as reported in
Ref. [27].

The 3/2−
1 , first excited state at 6.02 keV is a candidate

for the j − 1 member of the mentioned triplet. As shown
in Fig. 6(a) the systematics of 3/2−

1 excitations, drawn rel-
ative to the 5/2−

1 levels, displays a trend characteristic for
the j − 1 coupling, analogous to that observed in N = 53
isotones where three neutrons occupy the d5/2 orbital [2]. One
can observe that the energy of the 3/2−

1 level decreases with
growing collectivity in N = 52 isotones, reaching a minimum
for 91Y, between Sr and Zr, where quadrupole collectivity is
know to be strong.

Because the 3/2−
1 level has the same structure as the 5/2−

ground state, one expects that there should be a vibrational
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FIG. 6. Systematics of excited levels relative to 5/2− levels in
N = 52 [(a) and (b)] isotones and Z = 35 isotopes (c). Data are taken
from [35]. Lines are drawn to guide the eye.

cascade on top of the 6.02-keV level, analogous to that built
on top of the ground state. The 578.73- and 801.26-keV
levels are candidates for 5/2− and 7/2− excitations in this
cascade, respectively. In Fig. 6(a) we show the energy trend
for 7/2− levels decaying to the 3/2−

1 levels in the N = 52,
odd-Z isotones in the region. Their excitations energies of

about 0.8 MeV follow the trend of 3/2−
1 levels, which supports

the proposed interpretation for the cascade C.
The 248.56-keV level can be interpreted as the j − 2

anomalous coupling of the π ( f5/2)3 g.s. multiplet. Cascade E
comprises levels which most likely are collective excitations
built on top of this level.

The 333.61-keV level, which has tentative spin-parity
3/2−, is a candidate for the π p3/2 s.p. excitation. Cascade
D, built on top of this level, is strongly mixed with cascades
C and E. Therefore, it is expected to be a complex mixture
of π p3/2 and π ( f5/2)3 configurations, rather than a single-
particle π p3/2 state. This is also suggested by decays of
numerous levels to both the 248.56- and 333.61-keV levels.

The 699.26-keV level with spin 1/2− (with label F) is
a candidate for the π p1/2 s.p. excitation. The systematics
of analogous states is shown in Fig. 6(b). The 1/2− exci-
tation follows the trend of 9/2+ levels, which are due to
the πg9/2 s.p. excitation. In the shell-model scheme of s.p.
levels, the π p1/2 orbital is close to the πg9/2 orbital. Therefore
the systematics shown in Fig. 6(b) offers some support to
the proposition that the 699.26-keV level corresponds to the
π p1/2 s.p. excitation. However, one should remember that
there may be another close-lying 1/2− level, which is due
to the discussed j − 2 anomalous coupling in the π ( f5/2)3

configuration. More information is needed to identify the
structure of the lowest two 1/2− levels in odd-Z , N = 52
isotones in this region.

Finally, we discuss the structure labeled A in Fig. 5. The
1463.89-keV level has spin and parity 9/2+. Its numerous
decays suggest that this level is a head of structure A (decays
from other positive-parity levels to negative-parity levels are
not shown here to simplify the picture). The configuration
of the 1463.89-keV level can be seen as an odd proton in
the πg9/2 orbital coupled to the 86Br core. The systematics
shown in Fig. 6(b) supports this picture: with growing proton
number excitation energy of the 9/2+

1 level in odd-Z , N = 52
isotones decreases quickly and drops below the 1/2−

1 level.
This behavior is connected with protons filling first the π p1/2

and then the πg9/2 orbital. The 9/2+ level is located about
1 MeV above the 1/2− level from 87Br to 91Y. In 93Nb
the ground state spin changes from 1/2− to 9/2+, which
may be interpreted as filling completely the π p1/2 orbital
and populating the πg9/2 orbital. The proposed nature of the
9/2+

1 level in 87Br is further supported by the systematics of
9/2+

1 levels in the Z = 35 isotopes, shown in Fig. 6(c). In
the neutron range 36 < N < 50 the energy of this excitation
shows a deep minimum due to the interaction of the πg9/2

proton with neutrons filling the νg9/2 orbital. Above N =
50 this interaction is not present, resulting in approximately
constant energy of the 9/2+

1 level.

B. Shell-model calculations

To learn more about the nature of excited levels in 87Br we
performed SM calculations. A model space comprising f5/2,
p3/2, p1/2, g9/2 proton and d5/2, s1/2, g7/2, d3/2, h11/2 neutron
orbitals outside 78Ni was used. The effective interaction was
introduced in Refs. [33,36], but later its proton-proton part
was updated to better reproduce experimental data at N = 50,
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as described in [11]. Calculations were performed with the
coupled-scheme code NATHAN [37]. Full diagonalizations in
the model space were achieved. Similar calculations were
performed in our previous works on N = 52 and N = 53
isotones [2–5,38].

Results of calculations are compared with experimental
data in Fig. 7, where we also included energies of excitations
built on the 9/2+ level taken from Ref. [12]. The shell model
predicts the 3/2− level to be the ground state with the 5/2−
level 30 keV above: the results in the figure were normalized
to the experimental 5/2− level. The overall scale of the
observed excitations is fairly reproduced, describing well the
9/2+ level seen at 1463.8 keV and the cascade on top of this
level including the 7/2+ member, identified in the present
work. It would be interesting to identify experimentally other,
nonfavored members of this cascade. Negative-parity excited
states of 87Br are reproduced with accuracy 50 keV, except

TABLE II. Occupation of proton and neutron of excited states in
87Br calculated using the shell model.

Neutrons Protons

Iπ d5/2 s1/2 g7/2 d3/2 h11/2 f5/2 p3/2 p1/2 g9/2

1/2− 1.72 0.09 0.05 0.08 0.06 4.11 1.98 0.68 0.23
1/2−

2 1.64 0.17 0.05 0.08 0.06 3.61 2.48 0.72 0.19
3/2− 1.60 0.15 0.07 0.10 0.08 3.90 2.57 0.30 0.23
3/2−

2 1.62 0.18 0.05 0.09 0.06 3.62 2.66 0.51 0.21
3/2−

3 1.63 0.13 0.06 0.11 0.07 4.71 1.74 0.33 0.22
5/2− 1.61 0.13 0.07 0.12 0.08 4.48 1.97 0.33 0.23
5/2−

2 1.54 0.27 0.05 0.09 0.05 3.58 2.80 0.43 0.18
7/2− 1.59 0.21 0.04 0.11 0.05 4.52 1.96 0.33 0.19
7/2−

2 1.63 0.20 0.04 0.09 0.04 3.92 2.53 0.35 0.20
9/2− 1.73 0.11 0.03 0.09 0.04 4.57 1.90 0.31 0.22
7/2+ 1.56 0.13 0.06 0.11 0.14 3.97 1.68 0.30 1.05
9/2+ 1.57 0.14 0.08 0.14 0.07 4.03 1.57 0.28 1.12
11/2+ 1.73 0.08 0.03 0.10 0.06 4.08 1.53 0.30 1.09
13/2+ 1.56 0.22 0.04 0.13 0.04 3.90 1.68 0.31 1.11
15/2+ 1.75 0.09 0.02 0.04 0.10 4.37 1.36 0.22 1.05
17/2+ 1.78 0.05 0.02 0.09 0.07 4.30 1.41 0.22 1.08
19/2+ 1.22 0.03 0.03 0.05 0.67 4.66 1.59 0.24 0.51
21/2+ 1.76 0.06 0.03 0.12 0.03 3.82 1.83 0.29 1.07

the 248.56- and 333.61-keV levels, which are calculated about
250 keV higher than experimental values.

In Table II we present occupation numbers of proton and
neutron orbitals for excited states of 87Br as obtained from SM
calculations. As already mentioned, low-energy excitations in
87Br are produced by odd protons occupying different orbitals.
Generally, the shell model predicts strong mixing of protons
in p3/2 and f5/2 orbitals due to the small splitting between
them (660 keV in 79Cu) which is overcome by nondiagonal
terms of the pairing interaction. The majority of calculated
negative parity levels can be divided into two groups of
states that are connected by the strongest B(E2) transitions:
the first group, with a slight dominance of one proton-hole
component f −1

5/2, includes the first calculated level of each spin
between 5/2− and 13/2−. The second group, based on the
p3

3/2 configuration, contains 3/2−
1 and the second calculated

states 5/2−
2 , 7/2−

2 , 9/2−
2 . However, the 5/2−

2 state has a strong
admixture of the f 3

5/2 configuration as does the second 3/2−.
The third calculated 3/2− state, nearly degenerate with the
second one, exhibits a more single-particle nature ( f 6

5/2 p1
3/2

configuration). As can be seen from the table, both calculated
1/2− states contain ≈0.7 particle in the π p1/2 orbital. Its
occupation is also significant in the 3/2−

2 state. The too high
energy of the 1/2−

1 and 3/2−
2 levels may thus indicate that the

position of the π p1/2 orbital in this region can be lower than
assumed in the shell-model interaction, i.e., ≈2 MeV above
the π f5/2 level in 79Cu. Note that the only available spec-
troscopic study of 79Cu [39] did not provide any spin-parity
assignments, and the Monte-Carlo shell-model calculations
presented in the same work predict a 1/2− level with a strong
single-particle component also at 2 MeV. A systematic study
of low-energy levels in odd-proton nuclei can thus provide
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the missing information about the actual position of the π p1/2

shell in the nickel core.
The structure of calculated positive parity levels is less

complex. Except for the 19/2+ state predicted to involve the
neutron excitation to the h11/2 orbital, all the remaining states
are excitations of one proton to the πg9/2. The energy of
the 9/2+ state is fairly well reproduced and its calculated
wave function confirms the presence of the πg9/2 orbital at
1463.89-keV level.

V. SUMMARY

We have observed excited states in 87Br populated in
β decay of 87Se. The level scheme of excited states was
significantly extended with 114 new transitions and 51 new
levels. Ground state β feeding of 23(5)% was determined. We
support the spin-parity 5/2− of the ground state, suggested
in previous studies [12,26]. We also confirm the low-energy
excited state at 6.02 keV, reported in Refs. [12,27], which was
not observed before in β-decay measurements.

The 9/2+ level at 1463.89-keV is confirmed to be the
πg9/2 single-particle excitations. The observed decays from

this level suggest that it may be an isomer with a half-life
of about 20 ns. Experimental data fits well the systematics
of N = 52 isotones, which suggest that collectivity increases
with the growing proton number, and reaches its maximum in
the mid shell at 91Y.

Large-scale shell-model calculations performed in this
work reproduce well the experimental scheme, including
medium-spin excitations reported in Refs. [12,27]. Good
agreement with experimental data supports the interpretation
proposed in this work: there is a clear indication of the
presence of the πg9/2 s.p. level at 1.5 MeV. In addition to s.p.
excitations involving π f 5

5/2, π p1
3/2, and π p1

1/2 structures, the
shell model predicts a number of excitations with moderate
collectivity, which also fit well the experimental scheme.
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