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Abstract. Excited states of the rubidium isotopes 87,89,91
37Rb have been studied at the INFN Legnaro

National Laboratory. Measurements of the γ-ray decay of fragments produced in binary grazing reactions
resulting from the interaction of a beam of 530-MeV 96Zr ions with a 124Sn target have been complemented
by studies of the γ-ray decay of fission fragments produced in the interaction of a beam of 230-MeV 36S
ions with a thick 176Yb target. The structure of the yrast states of 87,89,91

37Rb has been discussed within
the context of spherical shell-model and cranked Nilsson-Strutinsky calculations.

PACS. 23.20.Lv γ transitions and level energies – 25.70.Jj Fusion and fusion-fission reactions – 27.60.+j
90 ≤ A ≤ 149
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1 Introduction

The study of neutron-rich nuclei in the neighbourhood
of mass number A ∼ 100 has been the subject of grow-
ing interest in recent years, motivated by the onset of
collectivity in the region and the goal of understanding
the underlying microscopic structure. Since these nuclei
lie on the pathway of the rapid neutron capture process
(r-process) [1], there is also a nuclear astrophysical inter-
est in the structure of such nuclei. The experimental study
of medium to high-spin states in this region of the chart
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of nuclides has been advanced through γ-ray spectroscopy
studies associated with the population of the nuclei of in-
terest using binary grazing reactions [2–4], fusion-fission,
and spontaneous fission reactions [5,6]. Recent studies of
even-even nuclei with A ∼ 100 have explored the influence
of the neutron (h11/2, g7/2) and proton (g9/2) orbitals on
the evolution of deformation [7,6]; however there is cur-
rently a lack of experimental information for odd-even nu-
clei with N ≥ 50 .

The region of the nuclear chart centred around mass
number A = 100, between the 28 < Z < 50 and 50 <
N < 82 major shell closures, is predicted to have large
quadrupole deformation [8,9]. Within this area of the nu-
clear landscape, there is a well established region of large
prolate deformation in the Sr and Zr isotopes, first ob-
served experimentally in 1970 [10]. There is a sudden on-
set of quadrupole deformation at N = 60 in strontium (Z
= 38) and zirconium (Z = 40); the energy of the first 2+
state drops from 815 keV in 96Sr58 to 144 keV in 98Sr60
and from 1233 keV in 98Zr58 to 212 keV in 100Zr60 [11].
The sudden onset of deformation between N = 58 and N
= 60 is quenched with increasing Z and this can be seen in
the behaviour of the measured two-neutron separation en-
ergies as a function of neutron number for Z in the range
from 36 to 45 [12]. For the odd-A isotopes of Rb, the cal-
culations of Möller and Nix [8] predict a gradual increase
in ground-state deformation from 92Rb55 to 96Rb59, with
the deformation remaining essentially constant and large
(ground-state electric quadrupole moment ≈ 2 - 3 b) from
97Rb60 to 102Rb65. Mean-square charge radii [13–15] and
two-neutron separation energies [12,16] confirm a sudden
structural change at N = 60. A recent Coulomb-excitation
measurement [17] on neutron-rich 97Rb60 and 99Rb62 has
provided the first strong experimental evidence for en-
hanced quadrupole collectivity through the observation
of rotational sequences. In addition, an excited rotational
band was observed in 96Rb59 [18], providing evidence for
shape coexistence. As will be seen later, theoretical calcu-
lations performed as part of the present work suggest the
existence of shape coexistence in the lighter Rb isotopes.
In contrast to the sudden onset of deformation at N = 60,
for the lighter isotopes of Rb it is expected that, as neu-
trons are added to the 2d5/2 shell, there will be a tendency
for the nucleus in its ground state to acquire a quadrupole
deformation in order to remove the degeneracy associated
with the occupancy of the 2d5/2 orbit; this is the nuclear
analog of the Jahn-Teller effect [19,20]. There is indeed ev-
idence from the systematic behaviour of the mean square
charge radii of the ground states of the isotopes of 38Sr,
37Rb, and 36Kr that there are small departures from a
spherical shape as the neutron number increases from N
= 50 to N = 58. This is manifest in the slow increase
of mean-square charge radii with increasing neutron num-
ber, measured in laser-spectroscopy experiments [13–15].
In the neighbouring isotones of 87Rb50 with Z = 36 and 38,
namely 86Kr and 88Sr, the energies of the first 2+ excited
states are large, 1564.6 keV and 1836.1 keV, respectively,
as is expected for a spherical shell closure. For the neigh-
bouring isotones of 89,91,93Rb52,54,56 with Z = 36 and Z

= 38, the first 2+ energies are reasonably constant, about
1700 keV for the Kr isotopes and about 830 keV for the
isotopes of Sr. For these isotopes of Kr and Sr, the ratio
of the excitation energy of the first 4+ state to that of
the first 2+ state lies in the range from 1.99 to 2.56. The
increasing ratio with increasing neutron number may in-
dicate a tendency towards a deformed shape as the 1d5/2
neutron shell is being filled. Indeed, in the isotopes of Kr,
the B(E2; 0+ → 2+) values [21] increase from 7.7(8) W.u.
for 88Kr52 to 16.8(6) W.u. for 92Kr56, indicating an in-
creasing quadrupole collectivity with increasing neutron
number. On the other hand, for the isotopes of Sr with
N = 52, 54, and 56, the B(E2; 0+ → 2+) values [21] are
subject to large experimental errors, namely 8.5+3.7

−2.0 W.u.,
7.7+5.5

−2.3 W.u., and 7.8+5.2
−2.2 W.u., respectively, which makes

it difficult to draw definitive conclusions about how col-
lectivity changes with increasing occupancy of the 2d5/2
neutron orbit in this case.

To date, within the context of shell-model calculations,
an effective two-body interaction, determined by fitting
experimental data in the neutron-rich A ∼ 100 region,
has yet to be developed. Shell-model studies performed for
nuclei in the region have involved restricted-basis shell-
model calculations within a very large model space [22,
7,6,3,2], comprising the π[1f5/2, 2p3/2, 2p1/2, 1g9/2] and
ν[1g9/2, 2d5/2, 3s1/2, 2d3/2, 1g7/2, 1h11/2] orbitals.

Here, we present the results of experimental and theo-
retical studies of the medium-spin structure of the 87,89,91Rb
isotopes. The main aim of this work is the study of the
evolution of the level structure with increasing neutron
number and a comparison with shell-model (SM) calcu-
lations. In sect. 2, a description of the experiments is
given. Experimental results are presented in sect. 3 and
discussed within the context of the results of shell-model
and Cranked Nilsson-Strutinsky (CNS) calculations in sect. 4
and 5, respectively. Finally, a summary appears in sect. 6.

2 Experimental procedure

Two experimental setups using beams delivered by the
combination of the XTU-Tandem and ALPI accelerators
at the INFN Legnaro National Laboratory have been used
here for the study of neutron-rich nuclei in the A ∼ 100
region. In the first experiment, a beam of 96Zr ions at
530 MeV (5.52 MeV/nucleon) incident on a thin 124Sn tar-
get was utilized to initiate binary grazing reactions. The
target, which had a thickness of 300 µg cm−2, was isotopi-
cally enriched to 94.6% and had a carbon backing of thick-
ness 40 µg cm−2. Projectile-like binary reaction fragments
were detected by the Prisma magnetic spectrometer [23,
24], at a laboratory grazing angle of 38◦ with respect to the
beam direction, covering a solid angle of ∼ 80 msr (with
angular acceptances of ∆θ ∼ 12◦ and ∆φ ∼ 22◦) and
with a momentum acceptance of ∆p/p = ±10%. At the
entrance to Prisma, projectile-like ions are registered by
a two-dimensional position-sensitive micro-channel plate
(MCP) detector [25] providing a fast time signal for time-
of-flight (ToF) and (xi, yi) initial position measurements.
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Fig. 1. Energy spectrum of γ rays detected in coincidence with
the A = 87 mass for Z = 37 (87Rb) identified at the focal plane
of the Prisma spectrometer. The inner panel shows the Z =
37 mass spectrum, and the gate at A = 87.

The ions then pass through quadrupole singlet and mag-
netic dipole elements, and are finally detected and iden-
tified at the focal plane detector system. This consists of
a ten-section multiwire parallel-plate avalanche counter
(MWPPAC) [26] providing a timing signal, in order to
perform time-of-flight measurements in coincidence with
the MCP, and (xf , yf ) signals, followed by a 10 × 4 ar-
ray of transverse-field multi-parametric Ionization Cham-
bers (IC), which give the energy loss (∆E) and the to-
tal energy (E) of the ions [25,26]. The mass resolution of
Prisma was ∆A/A = 1/190, allowing a clean identifica-
tion of the detected reaction products from Z = 24 (Cr)
to Z = 42 (Mo). The associated γ rays from target- and
projectile-like products were detected in coincidence using
the Clara [27] array of 25 escape-suppressed Ge Clover
(Euroball-type) detectors. The detectors of the Clara
array form a hemisphere covering a large azimuthal angle
range, between θClara = 98.8◦ and 174.1◦, with respect to
the entrance aperture of the Prisma magnetic spectrome-
ter. The Clara array has a photopeak efficiency of about
3% and a peak-to-total ratio of 0.45 for 60Co 1332-keV γ
rays. Ion tracking through the Prisma spectrometer to-
gether with time-of-flight measurements were used to de-
termine the velocity vector of the projectile-like fragments
and this allows the Doppler correction of γ-ray energies to
be performed on an event-by-event basis [28]. The statis-
tics in the experiment were not adequate to perform a γ-γ
coincidence analysis. In the discussion below, we will refer
to this setup as the Prisma/Clara experiment. Figure 1
shows an example of the quality of the data from the ex-
periment; the mass spectrum of rubidium isotopes (Z =
37) is shown in the inner figure. It is possible to identify
masses from A = 83 to A = 94. The main figure shows the
associated γ-ray spectrum obtained by gating on mass A
= 87 (87Rb).

Data from the Prisma/Clara experiment permit the
unambiguous identification of γ rays associated with the

decay of excited states of rubidium isotopes of a specific
mass number. In addition, measurements of γ-ray mul-
tipolarity are possible based on γ-ray asymmetry ratios,
defined as Rasym = Iγ(θ1)/Iγ(θ2). Here Iγ(θ1) and Iγ(θ2)
are the intensities of the same γ-ray transition measured
in any of the detectors at θ1 = 98.8◦, while 98.8◦ ≤ θ2 ≤
174.1◦; θi corresponds to the angle between the Clover
detector and the centre of the entrance aperture of the
Prisma spectrometer. Typical Rasym values of 1.3 and 0.7
are expected for stretched quadrupole and dipole transi-
tions, respectively [30].

While the Prisma/Clara experiment enables the un-
ambiguous assignment of γ-ray transitions to each rubid-
ium isotope studied here, the reaction yield was insuffi-
cient to allow the production of γ-ray coincidence matri-
ces from which reliable level schemes can be constructed.
However, γ-γ and γ-γ-γ coincidence data were available
from a thick target experiment carried out using the Ge
multi-detector array Gasp in configuration I. The array
consists of 40 escape-suppressed coaxial hyperpure ger-
manium detectors and an 80 element inner BGO ball for
γ-ray multiplicity and total-energy measurements. The to-
tal photopeak efficiency of the Ge array is about 3 % at a
γ-ray energy of 1332 keV (60Co), and the mean peak-to-
total ratio is about 60-65% at 1332 keV for the Compton-
suppressed γ-ray spectra [31]. In the second experiment,
a beam of 36S ions at an energy of 230 MeV (6.39 MeV/u)
was delivered onto a thick target of 176Yb. The target was
isotopically enriched to 97.8% and was of thickness 14 mg
cm−2 with an isotopically enriched 208Pb (98.7%) back-
ing of thickness 35 mg cm−2; the backing was sufficiently
thick to stop all forward-moving reaction products. The
fusion-fission reaction with the beam and target combina-
tion populates nuclei in the region of interest [32]. Data
from the Gasp experiment were used to establish coinci-
dence relationships between γ rays through the analysis
of γ-γ and γ-γ-γ coincidence matrices and cubes. In the
discussion below, we will refer to this setup as the Gasp
experiment.

The Gasp data were also used in the measurement of
γ-ray angular correlations for 87Rb and 89Rb; however,
the statistics were not sufficiently good to measure angu-
lar correlations for 91Rb. When two consecutive γ rays,
namely γ0 and γ1, are detected by any pair of Gasp de-
tectors separated by an angle θ, the angular distribution
of the radiation is described by the function W(t0, t1, θ) =∑λmax
λ qλAλλ(t0, t1)Pλ(cos θ) [33], where t0 (t1) denotes

the properties of the γ-ray transition γ0 (γ1). The coeffi-
cients Aλλ are tabulated in ref. [34], and the attenuation
coefficients qλ were calculated following the procedure of
ref. [33]. For the Gasp array in configuration I, these
values are q0 = 1.0, q2 = 0.909 and q4 = 0.602. The co-
efficients take into account the effect of the finite size of
the Ge detectors, and the effects of choosing ± 10◦ as the
allowed range for the separation angle between pairs of de-
tectors. Two-fold γ-ray coincidences were sorted into three
two-dimensional matrices. For the first matrix, the first
and second γ rays correspond to their detection in two Ge
detectors with a separation angle of θs = 90◦ ± 10◦. The
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Fig. 2. Partial level schemes of 87Rb. The level scheme corresponding to previous work is based on refs. [22,29]. Energies are
in units of keV, given to the nearest integer value, and the widths of the arrows are proportional to the relative intensities of
the γ-ray transitions. Measured γ-ray energies are presented in table 1. See text for details.

second matrix corresponds to γ rays observed in a pair of
detectors with θs = 120◦±10◦ and 60◦±10◦, while, for the
third matrix, θs = 150◦ ± 10◦ and 30◦ ± 10◦. The matri-
ces contained approximately 4× 109, 9× 109, and 5× 109

events, respectively. For a specific cascade I0
γ0−→ I1

γ1−→ I2,
where I0, I1, and I2 are the spins of the initial, inter-
mediate, and final states, a gate on γ1 was made on the
first axis of the three matrices and, for each projected
one-dimensional γ-ray spectrum, the number of γ0 counts
was obtained. This gives the quantities N(90◦), N(120◦),
andN(150◦), which were then normalized. The normaliza-
tion factors were obtained through an angular correlation
analysis of known stretched E2-E2 and E1-E2 cascades in
adjacent even-even nuclei (88Sr, 104Ru, and 100Mo); the
results of ref. [34] were used in the normalization proce-
dure. The normalized yields, N(θ) (normalized to unity at
90◦), were fitted to W(t0, t1, θ) to obtain the coefficients
Aλλ/A00, which can be compared to the predicted values
given in ref. [34]. Where possible, the assigned γ-ray multi-

polarities were determined by combining the results of the
angular correlation measurements from the Gasp experi-
ment with the asymmetry ratios from the Prisma/Clara
experiment. Previously determined multipolarities, where
available, are also presented.

3 Experimental results

The partial level schemes of 87,89,91Rb nuclei from the
present work, shown in figs. 2, 4, and 8, respectively, are in-
formed by published work, and based on γ-ray coincidence
relations, intensity balance considerations, transition en-
ergy relations, and by the observation that binary grazing
reactions [35–38] and fusion-fission reactions [5] preferen-
tially populate yrast and near-yrast states. The level en-
ergies, the corresponding depopulating γ-ray energies, rel-
ative γ-ray intensities, asymmetry ratios, proposed multi-
polarity and spin and parity assignments are summarised
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in tables 1, 3, and 5 for 87Rb, 89Rb, and 91Rb, respec-
tively. Transition multipolarities from recent nuclear data
evaluations and from other published works are presented
in the final column of each table. The angular correlation
coefficients for 87Rb and 89Rb are presented in tables 2
and 4, respectively. Not all known levels of 87,89,91Rb are
shown in figs. 2, 4, and 8. Low-spin non-yrast states are,
in general, not populated in the present work and are not
included in the level schemes presented here. Thus, for ex-
ample, the low lying excited states of 87Rb at excitation
energies of 845 keV (Jπ = 1/2−), 1349 keV (Jπ unknown),
1389 keV (Jπ = 3/2−), and 1463 keV (Jπ = 1/2−) [39]
are not included in the level scheme of fig. 2.

3.1 Levels and transitions in 87Rb

The nucleus 87Rb, with neutron number 50, is a semi-
magic nucleus. The neutron shell gap here is of the order
of 4.5 MeV [40] and, consequently, the low-energy region
of the level scheme is expected to be described in terms of
the occupation of the 1f5/2, 2p3/2, 2p1/2, and 1g9/2 proton
shell-model orbits by the nine extra-core (Z = 28) protons
and an inert neutron closed-shell core. The ground state,
as expected from the shell-model orbits available above Z
= 28, has a Jπ value of 3/2−, corresponding to the occupa-
tion of the 2p3/2 orbital by three protons. On the same ba-
sis, we would expect the first excited 5/2− state at an exci-
tation energy of 402 keV to correspond to the four-particle
one-hole configuration π(1f5/2)

−1(2p3/2)
4, the non-yrast

1/2− state at Ex = 845 keV, unobserved in the present
work, to correspond to the configuration π(2p1/2)1(2p3/2)2,
and the first 9/2+ state at Ex = 1134 keV to correspond
to the occupation of the 1g9/2 orbital by the odd proton.
Proton pickup and stripping reactions [41–44] are consis-
tent with the above description of the structure of the
states. The spectroscopic factors, C2S, for proton strip-
ping to the 3/2−, 1/2−, and 9/2+ states are 0.34, 1.02,
and 0.99, respectively. The Jπ = 5/2− state at 402 keV is
also populated in proton stripping, contrary to the simple
shell-model description of the 86

36Kr ground state configu-
ration. This indicates that 86

36Kr has, in its ground state,
components of the form π(2p3/2)4 (1f5/2)−2. Higher-lying
excited states, and especially those of high spin, are ex-
pected to have components in their wave functions corre-
sponding to promotion of one or more neutrons across the
N = 50 shell gap.

The shell-model calculations which will be presented
here, in sect. 4 of the paper, do not allow neutrons (pro-
tons) to cross the N = 50 (Z = 50) gap; consequently,
one should expect to observe a significant disagreement
between experiment and shell model with increasing exci-
tation energy and increasing spin, which might reasonably
be interpreted as corresponding to the onset of np-nh neu-
tron correlations (where np stands for number of particles
and nh the number of holes). Such correlations correspond
to the breaking of the N = 50 neutron core.

The low-spin states of 87Rb have been studied in β de-
cay [45,46], in Coulomb excitation [47], in inelastic hadron
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scattering [48–50], in single-proton transfer reactions [41–
44], and in a (γ, γ′) experiment [51]. The experimental
study of medium-high spin yrast and near-yrast states
above the previously known Jπ = 9/2+ isomeric state
at Ex = 1578 keV has, more recently, been carried out
using fusion-fission and multinucleon transfer reactions.
Three fusion-fission experiments involving the projectile-
target combinations of 24Mg + 176Yb at 134.5 MeV, 23Na
+ 176Yb at 129 MeV, and 18O + 208Pb at 91 MeV [29] were
used to populate a range of nuclei, including 87Rb; the γ-
ray decay of the final nuclei was studied using the Gam-
masphere Ge multi-detector array of escape-suppressed
Ge detectors. States of 87Rb were populated up to an ex-
citation energy of 7241 keV. Multinucleon transfer reac-
tions initiated by the interaction of a beam of 460-MeV
82Se ions with a thick target of 192Os have also been used
to populate states of 87Rb up to an excitation energy of
6822 keV [22]; in this experiment, the γ-ray decay of the
binary reaction fragments was measured using the Gasp
array. A recent evaluation of experimental data for the
known nuclides of mass number 87 has also recently been
published [39]. In relation to the structures above the iso-
meric state, the results from the present work agree, with
few exceptions, with previous works, and a few new tran-
sitions have been added to the level scheme. As discussed
earlier, fusion-fission and multinucleon transfer reactions
selectively populate yrast and near-yrast states; conse-
quently the states populated directly do not normally cor-
respond to those populated in other processes, such as β
decay and single nucleon transfer reactions.

The proposed level scheme based on the present work
is presented in fig. 2, together with the level scheme based
on refs. [22,29]. The energy levels in fig. 2, correspond-
ing to previous published work, are those of Fotiades et
al. [29]. The work of Zhang et al. [22] extended the pre-
viously known level scheme above the 9/2+ isomer to
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Table 1. The energies of excited states of 87Rb (Ei) together with transition energies (Eγ) and relative intensities (Iγ) of γ rays
placed in the level scheme, asymmetry ratios (Rasym), and the proposed multipolarities, spins and parities of the initial and
final states. Multipolarities from the recent compilation by Johnson et al. [39] are given in the final column. See text for details.
Relative intensities are based on the results of the Gasp experiment. Quantities in italics correspond to new level energies or
to hitherto unobserved γ-ray transitions.

Ei (keV) Eγ (keV) Iγ Rasym proposed mult. Jπi → Jπf multipolarity [39]
402.5(2) 402.5(2) 100(4) 0.93(0.18) M1/E2 5/2− → 3/2− M1/E2
1577.7(4) 1175.4(4) 93(3) (M2) 9/2+ → 5/2− M2

1577.4(5) 5(2) (E3) 9/2+ → 3/2− (E3)
3001.6(5) 1423.8(4) 7(2) 0.76(0.28) M1/E2 11/2+ → 9/2+

3097.9(6) 1520.6(5) 7(2) 1.29(0.22) E2 (13/2+) → 9/2+

3409.1(5) 407.5(2) 2(1) 13/2+ → 11/2+

1831.0(9) 86(4) 1.29(0.13) E2 13/2+ → 9/2+

3643.9(5) 234.8(2) 62(2) 1.10(0.17) M1/E2 15/2+ → 13/2+ dipole+ quadrupole
546.5(3) 2(1) 15/2+ → 13/2+

3715.2(6) 306.1(2) 2(1) → 13/2+

4090.7(6) 1088.5(4) < 1 → 11/2+

4150.2(6) 506.4(3) 57(2) 0.96(0.16) M1/E2 17/2+ → 15/2+ dipole+ quadrupole
1051.7(4) 5(1) 17/2+ → 13/2+

4314.9(6) 224.1(2) < 1 → (15/2+)
671.4(3) 2(1) → 15/2+

4854.5(6) 704.1(3) 35(2) 0.91(0.19) M1/E2 19/2+ → 17/2+ dipole+ quadrupole
1211.0(4) 1(1) 19/2+ → 15/2+

5026.1(6) 171.6(2) 23(2) 0.95(0.19) M1/E2 21/2+ → 19/2+ dipole+ quadrupole
875.9(3) 4(2) 21/2+ → 17/2+

5476.8(7) 450.8(2) 2(1) (23/2+) → 21/2+

5480.5(6) 454.4(2) 8(1) 0.95(0.24) M1/E2 23/2+ → 21/2+ dipole+ quadrupole
6565.5(7) 1085.3(4) 4(1) → 23/2+

1539.3(5) < 1 → 21/2+

6634.2(8) 1608.2(5) 2(1) → 21/2+

6821.0(7) 255.6(2) 5(1) (25/2, 27/2)
1340.1(4) 4(1) (25/2, 27/2) → 23/2+

7241.4(7) 420.4(2) 9(1) 0.65(0.26) M1/E2 (27/2, 29/2) → (25/2, 27/2)

Table 2. γ-ray angular correlations for two consecutive γ rays in a cascade in 87Rb. See text for details.

E0 (keV) Eγ0 (keV) Eγa1 (keV) A22/A00 A44/A00 Proposed
Multipolarity
γ0 γ1

4855 704 506 -0.20(0.06) 0.11(0.14) M1/E2 M1/E2
5026 172 704 -0.17(0.07) 0.08(0.17) M1/E2 M1/E2
5480 454 172 -0.30(0.15) -0.07(0.11) M1/E2 M1/E2

a The gates were performed in γ1.

the 6822-keV level. The subsequent study by Fotiades et
al. [29] added further to the level scheme. Multipolarity
assignments made by Zhang et al. [22] were based on the
measurement of angular distribution ratios from oriented
states (ADO) in addition to the observed decay branches.
On the other hand, Fotiades et al. [29] suggested spin and
parity assignments for four levels above the isomer (at ex-
citation energies of 3002, 3098, 3409, and 3644 keV) which
were based on a comparison with the excited states of 85Kr
and 89Y above the 9/2+ isomer and on a comparison with
shell-model calculations for 87Rb. The assignments here
agree with those of Zhang et al. In fig. 2, the spin and par-
ity assignments above the 9/2+ isomer and corresponding
to the previous work are those of Zhang et al., where avail-

able; for the Ex = 3098-keV state the Jπ value is that of
Fotiades et al. [29]. In table 1, the measured γ-ray ener-
gies and relative intensities are based on the results of the
Gasp experiment. Here, the focus of discussion will be
related mainly to the level structure above the isomeric
state.

As mentioned above, fig. 1 shows a γ-ray spectrum
from the Prisma/Clara experiment corresponding to
the population of 87Rb. An example of a double-gated
γ-ray spectrum from the Gasp experiment is presented in
fig. 3; the gates in this case were set on the photopeaks
at energies of 506 keV and 235 keV. The coincidence rela-
tionships between 87Rb γ rays were established from such
high-quality double-gated spectra.
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As noted earlier, the state at Ex = 1578 keV with
Jπ = 9/2+ is isomeric, with a half-life of 6(1) ns [50]. In
the Prisma/Clara experiment, 87Rb ions (v/c ∼ 9.7%)
travel a distance of about 17 cm from the target position in
6 ns. Consequently, due to the isomerism of the decaying
state, the measured intensity of the 1175-keV transition
(and of the subsequent 402-keV transition) is consider-
ably reduced in relation to the number of emitted γ rays.
The spectroscopic factor for population of the state in the
direct single-proton transfer reaction, 86Kr(3He, d)87Rb,
is 0.99 [43], as noted earlier, and this indicates that the
state has a pure proton 1g9/2 configuration. The π(1g9/2)
state is also observed in the other N = 50 isotones, 89Y[52]
and 85Br[53]. In 89Y, the 9/2+ state appears at an exci-
tation energy of 909 keV and the measured half life is
15.663(5) s [54]. The spectroscopic factor, measured in
the 88Sr(3He, d)89Y proton stripping reaction, is C2S =
0.74, again indicating that the state is a fairly pure sin-
gle proton 1g9/2 excitation. 84Se is not a stable nucleus
and the 84Se(3He, d)85Br proton stripping reaction has
not been reported in the literature to date. However, the
86Kr(d,3He)85Br proton pickup reaction has been studied
by May and Lewis [55] and by Pfeiffer et al. [56]. Within
the context of the simple shell model, the 1g9/2 proton or-
bital is empty in the 86Kr ground state and, consequently,
no ` = 4 proton pickup strength should be observed. Con-
trary to this expectation, ` = 4 strength was observed by
May and Lewis [55] for an excited state of 85Br at Ex
= 2.310(31)MeV with a spectroscopic strength of C2S =
1.12, corresponding to a proton 1g9/2 occupation probabil-
ity of Vj2 = 0.11 in the ground state of 86Kr. However, a
subsequent measurement by Pfeiffer et al. [56], which used
a beam of vector-polarised deuterons, assigned a Jπ of
3/2− to a state at 2.3 MeV. In the 2014 evaluation of A =
85 nuclides by Singh and Chen [54], which post-dates the
two above mentioned 86Kr(d,3He) studies, a Jπ of 3/2−
has been assigned to a state at Ex = 2.310(31) MeV on the
basis of the work of Pfeiffer et al. [56]. An excited state
at Ex = 1859 keV is a possible candidate for the π(1g9/2)
state of 85Br [54] and the state has tentatively been in-
cluded in a study of the systematics of the π(1g9/2) orbital
in the 78Ni region by Bączyk et al. [57]. For the isotopes of
Rb, Br, and As, the excitation energies of the lowest 9/2+
state relative to the first 5/2− state show a minimum near
neutron number 42. The isomeric state in 87Rb is con-
nected to the 5/2− state by an M2 transition of energy
1175 keV, and to the ground state by a weak 1577-keV E3
transition. The branch to the ground state was first identi-
fied by Fotiades et al. [29]. The B(M2; 9/2+→ 5/2−) value
of 0.12(2) W.u. is not particularly hindered, but neverthe-
less is in agreement with the range of hindrance factors for
M2 transitions in this mass region [58,59]. The measured
ratio Iγ(1578 keV→ 0 keV)/Iγ(1578 keV→ 402 keV) of
0.12 ± 0.01 [39] has been combined with the known life-
time of the state at Ex = 1578 keV in a determination of
B(E3;1578 keV→0 keV). The resulting value, 0.89(0.16)
e2fm6 (1.98(0.36) W.u.), falls within the distribution of
E3 strength for nuclei in the mass region [58,59]. There
is a close-lying state at Ex = 1578.0 keV (Jπ = 1/2−,

3/2−) [39], with energy separation from the 9/2+ state
of only 0.1 keV, which has been populated in β decay
from 87Kr [45,46,39], in the 87Rb(γ, γ

′
) reaction [51], and

in the 88Sr(d,3He) proton pickup reaction [41,42,44]; the
state also decays both to the ground state and to the 402-
keV first excited state. Since the state is non-yrast, its
population in the present work is not expected.

We now comment on those transitions observed here
for the first time and on transitions for which we are able
to propose multipolarity assignments. No definitive par-
ity assignments are possible from the present results; sug-
gested electric or magnetic multipolarity assignments are
therefore tentative. Multipolarity assignments have pre-
viously been proposed [39], see column 7 of table 1, for
the transitions of energy 171.6, 234.8, 402.5, 454.4, 506.4,
704.1, 1175.4, and 1577.4 keV. Within the positive parity
decay sequence based on the Jπ = 9/2+ isomeric state,
the transitions for which assignments have previously been
made (at energies of 234.8, 506.4, 704.1, 171.6, and 454.4
keV) are of mixed dipole/quadrupole multipolarity. The
measured γ-ray asymmetry ratios from the present work
(column 4 of table 1), although subject to large statis-
tical uncertainty, are consistent with these earlier assign-
ments. Based on these multipolarity assignments, the pro-
posed Jπ values of the states with excitation energies of
3409, 3644, 4150, 4854, 5026, and 5480 keV are 13/2+,
15/2+, 17/2+, 19/2+, 21/2+, and 23/2+ respectively, in
agreement with the proposed assignments of Zhang et
al. [22]. The multipolarity of the 1340.1-keV transition
is unknown; consequently the Jπ value of the 6821-keV
level cannot be assigned. The most probable spin values,
based on the population characteristics of the reactions
used here, are (25/2) or (27/2). The 420.4-keV transi-
tion has a measured asymmetry consistent with a dipole
multipolarity and it can therefore be speculated that the
spin of the 7241-keV state is (27/2) or (29/2). It is noted
again that the proposed assignments have been influenced
by the observation that fusion-fission reactions favour the
population of yrast and near-yrast states. The 1831.0-keV
transition which connects the 13/2+ state at 3409 keV to
the 9/2+ isomeric state has a measured asymmetry which
is consistent with a quadrupole transition, in agreement
with the previously proposed spin values of the states.
Finally, the transitions of energy 1423.8 keV and 1520.6
keV which feed the 9/2+ state have measured asymmetries
consistent with mixed dipole/quadrupole and quadrupole,
respectively, consistent with the Jπ values of fig. 2. The
angular correlation results presented in table 2 are consis-
tent with these suggested multipolarities. The M2 multi-
polarity assignment is based on the lifetime of the 9/2+
isomeric state, discussed earlier. The proposed E3 multi-
polarity of the 1577 keV transition, also discussed above,
is based on the Jπ values of the two states connected by
the transition.

The transition of energy 306 keV which populates the
13/2+ state at Ex = 3409 keV is reported here for the
first time. The Ex = 3707(8) keV state was populated
in an L = 4 transition in a 87Rb(p,p’) experiment [48],
suggesting a Jπ value of 11/2−; we presume that this is
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37 52
Rb

89

previous work present work

T1/2 = 15(3) nsT1/2 = 8(2) ns

Fig. 4. Partial level scheme of 89Rb. The level scheme corresponding to previous work is based on refs. [3,60,61]. Energies are
in units of keV, given to the nearest integer value, and the widths of the arrows are proportional to the relative intensities of
the γ-ray transitions. Measured γ-ray energies are presented in table 3. See text for details.

the same state observed here at Ex = 3715 keV, which has
tentatively, in fig. 2, been assigned a Jπ value of (11/2−).
The γ-ray transitions at 671 keV, 451 keV, and 1608 keV
are reported here for the first time. It was not possible to
identify transitions above the level at Ex = 7241 keV. In
ref. [29] 865-keV and 935-keV transitions from the levels at
Ex = 6345 keV and 5789 keV, respectively, were reported;
these transitions are not observed in the present work.

3.2 89Rb experimental results

On the basis of the simple shell model, we expect the
ground state of 89Rb to be described in terms of the con-
figuration

π[(1f5/2)
6(2p3/2)

3(2p1/2)
0(1g9/2)

0]
⊗
ν[(1g9/2)

10(2d5/2)
2(3s1/2)

0(2d3/2)
0(1g7/2)

0].
Low-lying excited states correspond to the occupation

of the fpg-shell by the nine extra-core protons and rear-
rangement of the two extra-core neutrons within the sdg
shell. Within the context of the shell-model calculations
presented here, and based on these configurations, it is
expected that high-spin states of 89Rb will be described
more accurately than was the case for 87Rb, where pro-
motion of neutrons across the N = 50 shell gap is not
allowed. As we shall see later, this is indeed the case.

A study of the excited states of 89Rb was recently car-
ried out by Astier et al. [60], by Bucurescu et al. [3],
and by Pawlat et al. [61]. An evaluation of A = 89 nu-
clides has also recently been undertaken by Singh and
Chen [54]. The work of Astier et al. [60] post-dates the
evaluation. In the work of Bucurescu et al., 90Zr projec-
tiles incident on a 208Pb target and 82Se projectiles inci-
dent on a target of 238U were used to populate the final
nuclei in binary grazing reactions; projectile-like species
were detected and identified using the Prisma magnetic
spectrometer at the INFN Legnaro National Laboratory.
The γ-ray decay of the binary reaction fragments was mea-
sured using the Clara multi-detector Ge γ-ray array.
Double and triple γ-ray coincidences were obtained us-
ing an additional thick target experiment which involved
a beam of 82Se ions incident on a target of 192Os; the
production of the 89Rb isotope was again via deep inelas-
tic processes but, in addition, fusion-evaporation reactions
with the 16O target contaminant leads to the population
of 89Rb. In the experiment of Pawlat et al. [61], neutron-
rich 89,91Rb nuclei were populated as fission products in
heavy-ion reactions and decay γ rays were detected us-
ing the Gammasphere Ge multi-detector array. In the
work of Bucurescu et al. [3], states were observed up to
an excitation energy of 4033 keV and the highest spin as-
signment was (19/2, 21/2) whereas, in the work of Pawlat
et al., the level structure was extended up to an excita-
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Table 3. The energies of excited states of 89Rb (Ei) together with transition energies (Eγ) and relative intensities of γ rays (Iγ)
placed in the level scheme, based on the results of the Gasp experiment, and asymmetry ratios (Rasym). Proposed multipolarities,
based on the present work, appear in column five of the , followed by the proposed spins and parities of the initial and final
states. The final column presents multipolarity assignments from the recent evaluation by Singh [54] and by Astier et al. [60]
(in bold font).

Ei (keV) Eγ (keV) Iγ Rasym proposed mult. Jπi → Jπf multipolarity [54,60]
220.80(16) 220.90(20) 43(3) 1.06(17) M1/E2 5/2− → 3/2− M1 dipole
585.85(18) 365.00(20) 2(1) 5/2− → 5/2−

585.9(3) 30(3) 1.38(42) E2 5/2− → 3/2− E2 dipole
931.32(24) 345.3(10) 17(3) 0.91(08) M1/E2 7/2− → 5/2−

710.4(3) 4(2) 1.01(28) M1/E2 7/2− → 5/2−

931.3(10) 3(1) 7/2− → 3/2−

997.47(18) 411.60(20) 16(3) 1.13(50) M1/E2 7/2− → 5/2− M1 dipole
777.2(3) 10(3) 7/2− → 5/2−

997.2(3) 25(3) 1.14(47) E2 7/2− → 3/2−

1195.48(21) 198.10(20) 60(3) 9/2+ → 7/2− (E1) dipole
264.10(20) 13(3) 9/2+ → 7/2−

974.6(3) 27(3) M2 9/2+ → 5/2− (M2) quadrupole
2004.6(4) 809.1(3) 100(7) 1.22(17) E2 13/2+ → 9/2+ E2 quadrupole
2840.6(5) 836.0(3) 71(6) 1.16(22) E2 17/2+ → 13/2+ E2 quadrupole
4033.5(6) 1192.9(4) 39(4) 1.37(27) E2 21/2+ → 17/2+ E2 quadrupole
5326.6(7) 1293.1(4) 6(2) 25/2+ → 21/2+

5605.0(7) 1571.5(5) 18(3) 1.15(25) E2 (25/2+) → 21/2+

6291.0(7) 686.0(10) 17(3) 0.63(17) M1 (27/2+) → (25/2+)
7390.9(7) 1098.9(4) 8(2) → (27/2+)

Table 4. γ-ray angular correlations for two consecutive γ rays in a cascade in 89Rb.

E0 (keV) γ0 (keV) γa1 (keV) A22/A00 A44/A00 Proposed
Multipolarity
γ0 γ1

997.47(18) 411.60(20) 585.9(3) 0.00 (0.02) -0.014 (0.06) M1/E2 E2
931.32(24) 777.2(3) 220.90(20) 0.03 (0.02) 0.00 (0.09) M1/E2 M1/E2
4033.5(6) 1192.9(4) 809.1(3) 0.11 (0.02) 0.00 (0.06) E2 E2
5326.6(7) 1293.1(4) 1192.9(4) 0.11 (0.02) 0.01 (0.8) E2 E2
5605.0(7) 1571.5(5) 1192.9(4) 0.08 (0.05) -0.05 (0.08) E2 E2
a The gates were set on γ1.

tion energy of 7391 keV and the highest spin assignment
was (25/2+) (Ex =5606 keV). In the most recent work
of Astier et al. [60], high-spin states of 88Kr and of 89Rb
were studied using the 18O + 208Pb fusion-fission reaction.
Gamma rays emitted from the fission fragments were de-
tected with the Euroball array of escape-suppressed Ge
γ-ray detectors at the IReS Strasbourg Laboratory. States
of 89Rb were studied to an excitation energy of 7389 keV
(Jπ = (29/2+)), with the order of the 686- and 1098-
keV transitions at the top of the previously established
high-spin decay sequence inverted. In addition, a few new
transitions were observed, both in the high-spin and low-
spin parts of the level scheme. Gamma-ray angular corre-
lation measurements for the most intense γ-ray transitions
were used to determine the dipole or quadrupole nature of
transitions. The level structure of 89Rb was earlier studied
using β decay [62] and in the 86Kr(α,p) reaction [54]. In
the latter work, J assignments up to 11/2 were proposed.
The level scheme of fig. 4, corresponding to previously
published work, is based on the publications of Astier et

al. [60], Bucurescu et al. [3], and Pawlat et al. [61] and
the Jπ values of Astier et al. [60] are those that are given.
There is a disagreement between the work of Astier et
al. [60] and those of Bucurescu et al. [3] and Pawlat et
al. [61] in relation to the Jπ assignment for the state at
Ex = 586 keV; the latter publications have assigned a Jπ
value of (7/2), whereas Astier et al. [60] have assigned
5/2−. It is noted that the evaluation of Singh [54], which
does not include the publication of Astier, has a spin as-
signment of 7/2(−) for the state.

Figure 5 presents γ-ray spectra corresponding to two
different reaction Total Kinetic Energy Loss (TKEL) val-
ues [63], in coincidence with residual nuclei of 89Rb de-
tected and identified at the focal plane of Prisma. In the
γ-ray spectrum of fig. 5a, the 809-, 836-, 1193-, and 1572-
keV transitions show an enhancement in yield relative to
the other transitions compared with the same transitions
in the spectrum of fig. 5b, indicating that they are emit-
ted from higher-lying states (with higher TKEL values).
From fig. 5 it is possible, for example, to deduce that
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Fig. 5. Gamma-ray energy spectra measured in coincidence
with the A = 89 mass for Z = 37 (89Rb) and corresponding to
high (upper panel) and low (lower panel) TKEL values (arbi-
trary units) for the Prisma/Clara experiment. Gamma-ray
photopeaks marked with an asterisk correspond to transitions
which belong to 89Rb but with no assigned position in the level
scheme. See text for details.

the 836-keV γ ray is emitted from a state lying higher
in energy than is the case for the 809-keV γ ray. Figure 6
presents two examples of double-gated γ-ray spectra from
the Gasp experiment. The upper spectrum, fig. 6a, cor-
responds to the first gate set on the 809-keV photopeak,
in coincidence with gates set on the 198-keV and 264-keV
photopeaks. The lower spectrum, fig. 6b, corresponds to
the first gate set on the 836-keV transition in coincidence
with the 1193-keV transition. The analysis of such spectra
forms the basis for establishing coincidence relationships
between transitions of 89Rb. The identification of 89Rb γ
rays in the Prisma/Clara experiment, in combination
with the coincidence data from the Gasp experiment, al-
lows us to construct the level scheme presented in fig. 4.
Measured asymmetry ratios (table 3) and γ-γ angular cor-
relation measurements (table 4) have resulted in proposed
multipolarity assignments (see column 5 of table 3).

The Ex = 1195-keV isomeric state was assigned a Jπ
value of 9/2+ by Astier et al. [60] and a lifetime of a few
nanoseconds by Bucurescu et al. The lifetime is consistent
with an M2 multipolarity for the 9/2+ → 5/2− 974-keV
transition. In the more recent work of Pawlat et al. [61],
the half-life was measured to be 8(2) ns. In the present
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Fig. 6. Double-gated γ-ray energy spectrum for 89Rb from the
gasp experiment. See text for details.
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work, see fig. 5, the 975-keV transition is not seen in the
Prisma/Clara experiment, which indicates that most of
the γ-ray decay occurs outside the Clara reaction cham-
ber; consequently, it can be concluded that the half-life is
longer than circa 6 ns. A more precise half-life measure-
ment has been made here for the state using data from
the Gasp experiment (A preliminary report on the mea-
surement was given in ref. [64]). Briefly, in fig. 7 a Ge-
time signal versus Eγ matrix is shown. In the creation of
the matrix, only γ rays in coincidence with the 221-keV,
5/2− → 3/2−, transition and any of the γ rays of energy
809 keV (13/2+ → 9/2+), 836 keV (17/2+ → 13/2+), and
1193 keV (21/2+ → 17/2+) were included. From fig. 7 it is
clear that the 975-keV transition is isomeric. The presence
of known isomers in the data (T1/2 = 103(3) ns in 97Zr and
T1/2 = 6(1) ns in 87Rb) allowed an internal calibration [64,
65] of the time scale to be made. The measured half-life of
15(3) ns is not in good agreement with the value of Pawlat
et al. [61] (T1/2 = 8(2) ns). It is consistent with the M2
character of the 975-keV decay; the hindrance, when com-
pared to the Weisskopf estimate, is 8.5, a value in very
good agreement with the hindered M2 decay (hindrance
= 8.6) of the isomeric 9/2+ state of 87Rb, discussed ear-
lier. In the present work, we have identified for the first
time a very weak γ-ray branch (Eγ = 1195 keV) from
the isomeric state to the ground state, presumably of E3
multipolarity. This branch was also observed, it will be
recalled, in 87Rb.

The level scheme above the Jπ = 9/2+ isomeric state,
based on the present experiments, agrees well with the
most recent published work, that of Astier et al. [60], see
fig. 4. A 1267-keV transition, connecting the (23/2−) state
to the 21/2+ state, was observed by Astier et al. [60], but
was not identified in the present work or in those of Pawlat
et al. [61] and Bucurescu et al. [3]. A 1372-keV transition
which connects states at Ex = 6700 keV (Jπ = (29/2+))
and 5328 keV (Jπ = (25/2+)) was observed by Astier et al.
and by Bucurescu et al., but remains unobserved here. In
addition, a 913-keV transition from a previously uniden-
tified 3752-keV state (Jπ = (21/2+)) to the 17/2+ state
at Ex = 2841 keV has been observed only by Astier et
al. [60].

The transitions above the 9/2+ state, with Eγ = 809,
836, 1193, and 1572 keV, have a quadrupole character con-
firmed by the asymmetry ratios (table 3) and the γ-γ
angular correlation measurements (table 4). On the ba-
sis that the sequence of four transitions is of E2, rather
than M2 character, we assign Jπ values of 13/2+, 17/2+,
21/2+, and 25/2+ to the states of excitation energy 2005,
2841, 4033, and 5605 keV, respectively. For the 809- and
836-keV transitions, for example, the predicted half-lives
(assuming a hindrance factor of 10) for M2 transitions are
45 ns and 38 ns, respectively, which excludes the possibil-
ity of the transitions being of M2 multipolarity. The same
spin-parity assignments were made to the first three states
of this sequence by Pawlat et al. [61], again based on the
results of a γ-ray angular correlation analysis. Astier et
al. [60], on the basis of a measurement of the angular-
correlation of successive γ rays, assigned a quadrupole

multipole order to three of the transitions, but the 1572-
keV transition remained unassigned. In the work of Bu-
curescu et al. [3], the experimental γ-ray angular distri-
bution data were unable to yield a definitive multipolarity
assignment for the 1193-keV transition, although the 809-
and 836-keV transitions were unambiguously assigned as
quadrupole. The 686-keV transition has previously been
observed by Pawlat et al. and, more recently, by Astier et
al., but no multipolarity assignment was made. From its
measured Rasym value of 0.63(17) (see table 3), a dipole
character can be assigned to the transition, leading to a
proposed (27/2+) spin assignment for the 6291-keV state.
The highest state reported at Ex = 7390 keV deexcites
through the emission of a 1099-keV γ ray. Here, the place-
ment of the 686- and 1099-keV γ-ray transitions in the
level scheme agrees with the work of Astier et al. [60], but
not with that of Pawlat et al. [61]. However, the evidence
for this placement, based on measured γ-ray intensities,
is much more convincing in the present work than in that
of Astier et al., where the two intensities are the same,
within the quoted experimental errors. The multipolarity
of the 1099-keV transition is currently unknown; Astier et
al. [60] have proposed a Jπ value of (29/2+) for the 7390-
keV state; this does not appear to be supported by exper-
imental measurement. From the Prisma/Clara setup it
is possible to observe γ rays at energies of 111, 286, and
433 keV; these three transitions belong to the 89Rb nu-
cleus, but they could not be placed in the level scheme. In
the recent evaluation of Singh [54], they are not listed in
the previously observed 89Rb γ-ray transitions.

For the 586-keV transition, the observed quadrupole
nature (see tables 3 and 4), together with the predicted
long half-life for an M2 transition (assuming a hindrance
factor of 10), namely 230 ns, indicates an E2 multipolarity
for this transition. On this basis, it is proposed that the
Jπ value of the state at Ex = 586 keV is 7/2−. This is in
disagreement with the 5/2− spin assignment for the state
made by Astier et al. [60].

In Section 4, the structure of 89Rb will be discussed in
the context of the shell model.

3.3 91Rb experimental results

States of 91Rb with spin values up to 7/2 were previously
studied [69,70] using β− - γ coincidences from the decay of
91Kr. More recently, fusion-fission and multinucleon trans-
fer reactions were used to populate medium to high-spin
states. In the work of Pawlat et al. [61], referred to above
in the discussion of 89Rb, states of 91Rb were populated
up to an excitation energy of 6239 keV and Jπ assignments
were proposed, based on γ-γ angular correlation measure-
ments, for excited states up to 4097 keV (Jπ = 21/2+).
The spontaneous fission of 252Cf was used by Hwang et
al. [66] in a study of 91,92,93Rb; in this work, states of 91Rb
were observed up to an excitation energy of 4097 keV with
the γ-ray decay studied using the Gammasphere array.
The spins of positive-parity states of 91Rb were assigned
from a comparison with those of 89Rb. The most recent
study of medium-spin states of 91,93,95Rb was made by
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previous work present work

91

37Rb
54

T1/2 = 16(1) ns

Fig. 8. Proposed level scheme of 91Rb. The level scheme corresponding to earlier work is based on refs. [61,66,67]. Energies
are in units of keV, given to the nearest integer value, and the widths of arrows are proportional to the relative intensities of
the γ-ray transitions. Measured γ-ray energies are presented in table 5. See text for details.

Simpson et al. [67]; states of 91Rb were populated using
the spontaneous fission of 248Cm and 252Cf sources and
levels with excitation energy up to 5298 keV were stud-
ied. In the work of Simpson et al. [67], no γ-ray angular
correlation data could be collected for the observed tran-
sitions of 91Rb because of the low population of 91Rb and
contaminating transitions from other nuclei. The most re-
cent evaluation of experimental nuclear structure and de-
cay data for all known A = 91 nuclides was published by
Baglin [68] in 2013. The Jπ values of states from previous
studies presented in fig. 8 were taken from the published
level scheme of Pawlat et al. [61], with the exception of
the 722-keV state, where the Jπ value is that of Hwang
et al. [66]. For the 9/2+ isomeric state and the decay se-
quence built on it, the Jπ assignments made by Hwang et
al. agree with those of Pawlat et al., but the former work
places the Jπ assignments in parentheses. The excitation
energies of states, corresponding to previous work in fig. 8,
were taken from the work of Simpson et al. [67]. The ex-
citation energy of the state at 6239 keV, unobserved by
Simpson, was taken from Pawlat et al. [61].

In fig. 9, the γ-ray energy spectrum in coincidence with
mass A = 91 and Z = 37 from the Prisma/Clara experi-
ment is shown. The peak to background ratio is inferior to
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Fig. 9. Gamma-ray energy spectrum in coincidence with the
A = 91 mass for Z = 37 (91Rb) identified at the focal plane of
Prisma.
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Table 5. The energies (Ei) of excited states in 91Rb together with transition energies (Eγ), relative γ-ray intensities (Eγ) (based
on the Gasp experiment), and γ-ray asymmetry ratios (Rasym). Proposed multipolarities, based on the present work, appear in
column five of the table, followed by the proposed spins and parities of the initial and final states. The final two columns present
the Jπ and multipolarity assignments from the 2013 Nuclear Data Sheets evaluation [68]. Quantities in italics correspond to
new level energies or previously unobserved γ-ray transitions.

Ei (keV) Eγ (keV) Iγ Rasym proposed mult. Jπi → Jπf Jπ [68] multipolarity [68]
108.91(19) 108.90(20) 40(5) 0.50(12) M1/E2 5/2− → 3/2− (5/2−) M1(+E2)
501.80(20) 501.80(20) 18(3) 1.65(48) E2 (7/2−) → 3/2−

722.0(3) 613.10(20) 30(8) 0.83(24) M1/E2 7/2− → 5/2− (≤ 7/2−) (M1,E2)
993.1(4) 271.2(10) < 1 (7/2−) → 7/2−

993.1(4) 25(5) 1.26(40) E2 (7/2−) → 3/2−

1134.2(3) 141.5(10) < 1 9/2+ → 7/2− (9/2+)
412.20(20) 5(2) 9/2+ → 7/2−

1025.3(3) 10(3) M2 9/2+ → 5/2− (M2)
1840.7(3) 706.50(20) 100(12) 1.22(29) E2 13/2+ → 9/2+ (13/2+) quadrupole
2166.7(11) 326.0(10) 12(3) → 13/2+

2978.3(5) 1137.6(4) 50(7) 1.15(29) E2 17/2+ → 13/2+ (17/2+) quadrupole
3573.9(7) 595.6(4) 35(5) (21/2+) → (17/2+)
3878.4(21) 304.5(20) 11(3) (23/2+) → (21/2+)
4097.4(6) 1119.1(3) 20(5) 1.29(49) E2 (21/2+) → (17/2+) (21/2+) quadrupole
4571.2(12) 473.8(10) 22(5) 0.50(34) M1/E2 (23/2+) → (21/2+)
5298.8(13) 727.6(5) 20(5) 1.13(40) E2 (27/2+) → (23/2+)
6239.0(13) 940.2(4) 17(4)

505.30(20) 24(4) 1.41(50) E2
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Fig. 10. Double-gated γ-ray spectrum for 91Rb from the Gasp
experiment.

that of the γ-ray spectra presented earlier for the 87,89Rb
isotopes. The level scheme of fig. 8, corresponding to the
present work, is informed by earlier work, and is based
on the relative intensities of transitions in the γ-ray en-
ergy spectra corresponding to different values of TKEL,
on γ-ray intensity balance, and, importantly, on the re-
sults of an analysis of 91Rb triples coincidences from the
Gasp experiment. Table 5 presents the energies (Ei) of ex-
cited states in 91Rb together with transition energies (Eγ),
relative γ-ray intensities (Iγ) (based on the Gasp exper-
iment), and γ-ray asymmetry ratios (Rasym). Proposed

multipolarities, informed by previous work and based on
the present work, appear in column five of table 5, followed
by the proposed spins and parities of the initial and final
states. The final two columns present the Jπ and multi-
polarity assignments from the 2013 Nuclear Data Sheets
evaluation [68]. Quantities in italics correspond to new
level energies or previously unobserved γ-ray transitions.
Figure 10 presents an example of a double-gated γ-ray
spectrum from the Gasp experiment in which the first
gate is set on the 706-, 1138-, and 474-keV photopeaks
and the second gate is set on the 412-keV photopeak. The
intensities of the γ-ray transitions at energies of 474, 1119,
and 728 keV are, within the experimental errors, the same.
Consequently, in the present work, we are unable to es-
tablish the order of the transitions within the 91Rb level
scheme. Otherwise, the present level scheme agrees with
the results of the earlier work of Pawlatet al. [61], Hwang
et al. [66], and Simpsonet al. [67]. The 502-keV level, pre-
viously observed in the beta decay of 91Kr [69,70], was
also populated here and, in addition, new levels are ten-
tatively proposed at Ex = 993 keV and at 2167 keV. It
is noted that the 502-keV level was not observed in the
published work of Pawlatet al. [61], Hwang et al. [66], and
Simpson et al. [67].

The transitions of energy 502 and 993 keV, which di-
rectly populate the ground state, have asymmetry ratios
(see table 5) which are consistent with quadrupole multi-
polarity. An M2 assignment is excluded as a consequence
of the long half lives for M2 transitions (480 and 16 ns, re-
spectively, with an assumed hindrance factor of 10). Con-
sequently, a Jπ value of (7/2−) is assigned to each decay-
ing state, at excitation energies of 501.8 and 993.1 keV. A
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Table 6. Single-particle energies with respect to a 78Ni core.
Values are from ref. [71] except for those values with an asterisk
which were calculated using a Skyrme interaction.

nlj επnlj επnlj (MeV) nlj ενnlj (MeV)
87,89Rb 91Rb 87,89,91Rb

1f5/2 -15.11 -16.10 1g7/2 3.04∗

2p3/2 -13.42 2d5/2 -2.41
2p1/2 -12.23 2d3/2 0.99∗

1g9/2 -10.08 -12.08 3s1/2 0.27∗

hitherto unobserved [68] 505.3(2)-keV transition, with an
asymmetry ratio (see table 5) consistent with quadrupole
multipolarity remains unplaced in the level scheme. The
505-keV photopeak appears in the γ-ray spectrum mea-
sured in coincidence with 91Rb ions detected at the focal
plane of Prisma, fig. 9, and this observation excludes a
multipolarity of M2 for the transition (470 ns lifetime,
assuming a hindrance factor of 10). The 993-keV state
has not previously been observed; the 271- and 993-keV
γ rays which deexcite the state have not previously been
attributed to 91Rb [68]. The γ-ray photopeak at an en-
ergy of 1025 keV, corresponding to the depopulation of
the Jπ = 9/2+ state at 1134 keV, can be seen in the thick
target Gasp experiment, but not in the Prisma/Clara
experiment; this observation is consistent with the known
isomerism of the state [69,67]. Previous measurements of
half-lives have yielded values of 17.0(8) ns [69] and 16(1)
ns [67]. For transitions above the 9/2+ isomeric state, the
asymmetry ratios allow an assignment of multipolarity for
the γ rays at energies of 706, 1138, 1119, 474, and 728 keV.
With the exception of the 474-keV, (23/2+) → (21/2+)
transition, for which a mixed M1/E2 character is assigned,
the asymmetry ratios are consistent with quadrupole mul-
tipolarity. M2 transitions, with an assumed hindrance fac-
tor of 10, for these quadrupole transitions, have half lives
in the range from 8 to 90 ns and, on this basis, we propose
here E2 assignments. The tentative Jπ values for the 4097-
, 4571-, and 5299-keV states, shown in fig. 8, are based on
these multipolarity assignments.

4 Shell-Model Calculations

Spherical shell-model calculations have been performed
in order to understand the microscopic structure of the
odd-A Rb isotopes studied here. The set of codes CENS
(Computational Environment for Nuclear Structure) from
Oslo University was utilized [72] in the calculations. An
effective two-body interaction was derived microscopically
from the Idaho N3LO nucleon-nucleon potential [73] us-
ing a Vlow-k renormalization procedure [74]. A model space
outside a 78

28Ni50 core was used, with single-particle states
π(1f5/2, 2p3/2, 2p1/2, 1g9/2) and ν(2d5/2, 2d3/2, 3s1/2, 1g7/2).
Promotion of neutrons across the N = 50 shell gap is not
allowed in these calculations. The available single-particle
energies (SPE) used in the calculations were taken from
ref. [71]. Those SPE not available in the literature were
calculated in the Hartree-Fock approximation using the
Skyrme SLy4 parameterization [75]. A modification of

87Rb

Theo.Exp.

89
Rb

Exp. Theo.
exp.        theory   exp.     theory

(25/2+)

(27/2+)

Fig. 11. The results of shell-model calculations for 87Rb and
89Rb. Partial experimental level schemes are presented for com-
parison. Excitation energies are in units of keV.
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Fig. 12. The results of shell-model calculations for 87Rb for
states with I ≥ 9/2. The upper panel shows the difference be-
tween shell-model and experimental excitation energies for the
positive parity sequence of states, while the lower panel shows
the shell-model proton orbit occupations. See text for details.

10% in the value of the SPE for the 1g9/2 orbital, from
-9.08 MeV [71] to -10.08 MeV, was introduced to repro-
duce the position of the 9/2+ isomeric level. The values of
SPE are shown in table 6. Within the context of the sim-
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Fig. 13. The results of shell-model calculations for 89Rb for
states with I ≥ 9/2. The upper panel shows the difference be-
tween shell model and experimental excitation energies for the
positive parity sequence of states, while the lower panels show
the shell-model proton and neutron orbit occupations. See text
for details.

ple shell model, the isotopes of Rb with A = 87, 89, and
91 have, in their ground states, a proton configuration
of (1f5/2)

6(2p3/2)
3(2p1/2)

0(1g9/2)
0 and neutron configu-

rations of (1g9/2)10(2d5/2)(N−50)(2d3/2)
0(3s1/2)

0(1g7/2)
0,

where N = 50, 52, and 54 for 87Rb, 89Rb, and 91Rb, re-
spectively. The calculations which will now be discussed
below show that this is a reasonably good approximation
to the shell-model description of the ground-state config-
urations. To make the calculations possible, it was nec-
essary to make a truncation of the occupation numbers.
At most, three protons were allowed to occupy the 2p1/2
and 1g9/2 orbitals. The results of the shell-model calcu-
lations for 87Rb and 89Rb are presented in fig. 11. Fig-
ures 12 and 13 present the shell-model nucleon orbit oc-
cupations for the positive-parity states built on the Jπ =
9/2+ isomeric state for 87Rb and 89Rb, respectively. For
these states, the figures also present the difference between
the shell-model excitation energies and the experimental
values. There are two 13/2+ states predicted and two ob-

served in 87Rb and both states are included in fig. 12. A
horizontal bar has been drawn through the data points
corresponding to the 13/2+ yrast state, which does not
form part of the strong decay sequence built on the 9/2+
isomeric state. Similarly, there are two predicted and ob-
served states of 89Rb with Jπ = 25/2+ and, in fig. 13, the
data points corresponding to the state of lower excitation
energy are indicated by a horizontal bar.

For 87Rb and 89Rb, the 3/2− ground states are ex-
pected to correspond, to a proton hole in the 2p3/2 shell,
while the first excited 5/2− states are expected to corre-
spond to a vacancy in the 1f5/2 proton shell, i.e. π(1f5/2)5

(2p3/2)
4. The results of the shell-model calculations per-

formed here are in good agreement with these simple shell-
model orbit occupations; for the 3/2− states of 87Rb and
89Rb, the shell-model occupations are 5.8 and 5.7, respec-
tively for the proton 1f5/2 orbital and 2.9 and 2.8, respec-
tively, for the proton 2p3/2 orbital. For the 5/2− state,
the corresponding proton occupancies are 5.0 and 5.9 for
the 1f7/2 orbital and 3.7 and 3.7 for the 2p3/2 orbital.
Within the uncertainties associated with the DWBA anal-
ysis of single-nucleon transfer reactions (principally associ-
ated with the description of the entrance and exit channels
using optical-model potentials and the parameterisation of
the Woods-Saxon bound-state potential), the conclusions
from published proton stripping [43] and pickup [44] re-
actions are broadly in agreement with such descriptions
of the ground state of 87Rb and the excited state at Ex
= 402 keV with Jπ = 5/2−. In addition, as noted earlier,
the published proton stripping reaction 86Kr(3He,d)87Rb
populates the 1578-keV 9/2+ state with a spectroscopic
strength of (2J + 1)S = 9.9 [43], which is consistent with
the description of the state as a pure 1g9/2 proton exci-
tation. The 9/2+ state of 89Rb at Ex = 1195 keV was
strongly populated in the 86Kr(α,p)89Rb reaction in an
L = 4 transfer with σ(exp)/σ(DWBA) = 4.3 [54]. Pre-
sumably the three-nucleon transfer process involves the
transfer of a neutron pair into the 2d5/2 orbital, coupled
to spin zero, and the transfer of a proton into the 1g9/2
orbital. For 87Rb, 89Rb, and 91Rb, the low-lying negative
parity states correspond to occupation of the 1f5/2, 2p3/2
and 2p1/2 proton orbitals, with the 1g9/2 proton shell es-
sentially empty.

The positive-parity decay sequences in 87Rb, 89Rb,
and 91Rb are built on the Jπ = 9/2+ isomeric state for
which the 1g9/2 orbit is occupied by one proton; within
the shell-model configuration space, this is the only way
in which positive-parity states can be formed. For 87Rb,
the positive-parity sequence up to the 17/2+ state is very
well reproduced in the calculations (see figs. 11 and 12).
This implies that these high-spin states are well described
within the context of the shell model in terms of a single
proton in the 1g9/2 orbital coupled to excitations of the
proton core, with neutrons occupying the lowest available
shell-model orbitals. For the Jπ = 19/2+ and 21/2+ states,
there is a significant disagreement between the shell-model
and experimental excitation energies, and this is probably
related to the restricted configuration space of the present
shell-model calculations. Presumably, a more satisfactory
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shell-model description of these states involves promotion
of a neutron into the available orbits beyond the N = 50
shell gap. This has been discussed in an earlier publica-
tion [22]. For 89Rb, the overall agreement between experi-
ment and shell model is reasonably good for positive parity
states up to 25/2+; in this case neutrons are allowed to
occupy the whole of the sdg shell. The excitation energy
of the Jπ = 29/2+ state is not well reproduced; the dif-
ference between experimental and shell-model excitation
energies is about 660 keV.
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Fig. 14. The results of shell-model calculations for 91Rb. The
experimental level scheme based on the present work is pre-
sented for comparison. Excitation energies are in units of keV.
See text for details.

Figure 14 presents a comparison of the shell-model
results for 91Rb and experiment. It is again noted that
the experimental Jπ values in parentheses are specula-
tive. Since the main focus of interest here is related to the
higher-spin states of 91Rb, in fig. 14 the first two shell-
model states of a given Jπ value are included for states
with Jπ ≥ 13/2+. The results of two calculations, corre-
sponding to neutron one-particle one-hole configurations
and two-particle two-hole configurations are presented in
the figure. In the neutron one-particle one-hole calcula-
tion, only one state with Jπ = 15/2+ was predicted. Un-
like the situation in 87Rb and in 89Rb, the first excited
Jπ = 5/2− state of 91Rb, observed experimentally at 109

keV, is not well reproduced in the shell-model calculation.
Similarly, the excitation energy of the 9/2+ bandhead of
the positive-parity decay sequence is not well reproduced,
in contrast to 87Rb and 89Rb. It is possible, for each exper-
imental state above the 9/2+ isomer, to identify an asso-
ciation of experimental and shell-model states but, given
the number of relatively close lying high-spin shell-model
states and the uncertainties in the experimental Jπ val-
ues, the confidence in doing so is considerably reduced
compared to the association for 87Rb and 89Rb. For the
experimental states at 1134 keV, 1841 keV, and 2978 keV,
the Jπ values have been established as 9/2+, 13/2+, and
17/2+, respectively. The corresponding shell-model states
are those at excitation energies of 960, 1381, and 2547 keV,
respectively, for the neutron one-particle one-hole calcu-
lation and 802, 1330, and 2574 keV for the neutron two-
particle two-hole calculation. The state observed in the
present work at an excitation energy of 2167 keV has no
assigned Jπ value; it is expected to be an yrast or near
yrast state. On this basis, it is speculated that the associ-
ated shell-model state is either that at 2077 keV with Jπ
= 13/2+ or that at 2243 keV with Jπ = 15/2+.

With neutron numbers in the range from 52 to 56,
neutrons gradually fill the 2d5/2 shell-model state. There
will be a strong neutron-proton attractive tensor interac-
tion [76] between the j> 2d5/2 neutrons and the j< 1f5/2
protons which will lead to an increased binding of the 5/2−
state. Figure 15(a) shows the evolution of the excitation
energy difference between the 5/2− state and the 3/2−
ground state for the Rb isotopes with N = 50, 52, 54, and
56. The decrease in Ex(5/2−) - Ex(3/2−) with increasing
neutron number would appear to be consistent with the
expected effects of the tensor interaction. It is also possible
that the Jπ = 5/2− states have components in their wave
function corresponding to the coupling of a 2p3/2 proton
to the Jπ = 2+1 state of the core and this could poten-
tially provide an explanation for the observed behaviour
shown in fig. 15(a). However, a comparison of the observed
energy trends in fig. 15(a) and fig. 15(b) leads to the con-
clusion that this explanation is incorrect. It is noted here
that, while the shell-model results presented earlier are
able to reproduce the energy difference between the 5/2−
and 3/2− states of 87Rb and 89Rb, this is not the case for
91Rb.

5 Cranked Nilsson-Strutinsky-Bogoliubov
calculations

For the 87
37Rb50 nucleus, extensive Cranked Nilsson - Struti-

nsky - Bogoliubov (CNSB) calculations were carried out.
The calculations are based on a modified version of the
code used in ref. [77]. The new code uses a different strat-
egy which is described in detail in ref. [78]. The calcula-
tions were performed in a grid of eight parameters, namely
the pairing parameters for protons and neutrons, (∆p, λp)
and (∆n, λn), and the deformation parameters (ε2, γ, ε4),
which are used as variational parameters, and the cranking
frequency ωx. For each set of variational parameters, all
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low-lying many-quasiparticle configurations were created
using blocking, and traced diabatically [77] (removing vir-
tual crossings) as a function of the cranking frequency ωx.
For each of these configurations, we performed particle-
number projection and interpolated the projected energy
as a function of ωx to obtain values for fixed spins. In
the final step of the calculation, the projected energy was
minimized for each spin state (I ≈ Ix) with respect to all
configurations of a given symmetry and the variational
parameters. (In this section, we choose to use I, rather
than J , to denote the total angular momentum quantum
number of a state.)
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Fig. 16. Energies for selected configurations of 87
37Rb50 calcu-

lated in the CNSB formalism and labelled by the proton and
neutron parity and signature, (π, α)p(π, α)n. Energies are given
relative to an 0.01892 I (I + 1) reference. Experimental values
assigned to π = + are drawn with squares. A normalization
to the Iπ = 9/2+ state is used when comparing experimental
data with calculations.

With the present method, information about individ-
ual configurations (occupancies of different orbitals) is lost
but the advantage is that fully minimized yrast lines, cor-
responding to the 16 different parity and signature sym-
metry combinations, (π, α)p(π, α)n, can be obtained very
efficiently in an automatic way. For selected (π, α)p(π, α)n
configurations, the energies from the calculation in the
CNSB formalism for 87Rb are shown in fig. 16. In these
calculations, we have considered a (ε2,γ)-mesh of 99 points
shown in fig. 17, with a minimization also in 4 ε4 points
at each (ε2,γ) deformation. Furthermore, no interpolation
has been carried through in the 10 ∆p,n and 7 λp,n points;
instead the (λp,n, ∆p,n)-mesh point giving lowest energy
has been chosen. This is a more stable method but, with a
limited number of points in the mesh, it can lead to some
irregularities in the energy curves of fig. 16.
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Fig. 17. The calculated potential energy surface for 87Rb
at I = 29/2 for the (π, α)p(π, α)n = (+,1/2)(+,0) symmetry
group. The contour line separation is 0.25 MeV.

In the CNSB calculations for 87Rb, we have used the
’standard’ [79] Nilsson single-particle parameters and for
the rotating liquid drop energy, we have used the 1966
Myers-Swiatecki parameters [80] with the rigid-body mo-
ment of inertia calculated with a sharp surface with a
radius parameter r0 = 1.2 fm. For the pairing strength,
we have used standard values specified in [77]. The CNSB
calculations for 87Rb, fig. 16, are in general agreement
with observed yrast states, especially for states with I
< 10. In both cases, one obtains irregular sequences of
states typical for spherical or close-to-spherical deforma-
tions. Indeed, the yrast line up to I ≈ 20 is calculated to
be composed of close-to-spherical states having ε2 ' 0.05.
In fig. 16 we show only the yrast line for (π, α)p(π, α)n =
(+,±1/2)(+, 0) corresponding to the symmetry of the ob-
served states, but the yrast line with opposite parity for
the protons is also calculated to be close to spherical for
I < 20 and to have about the same energy.
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In fig. 16, the encircled points indicate states that are
non-collective i.e calculated to have γ = 60◦ and thus
correspond to terminating states. The first such point is
obtained for I = 9/2 corresponding to one proton in the
1g9/2 orbital and four proton holes in the fp shell cou-
pled to total angular momentum of zero. In order to get a
better understanding of the terminating states, a compar-
ison has been made with unpaired CNS calculations [79,
81] where its is possible to fix configurations in terms of
the number of particles in high- and low-j shells. In this
way, the favoured terminations seen at I = 17/2 and I
= 29/2 can be understood as corresponding to configura-
tions with one and three 1g9/2 protons, respectively. The
I = 29/2 state and also the signature partner with I =
27/2 are calculated to be terminating states and are the
highest spin states seen in experiment.

The energy surface drawn in fig. 17 for I = 29/2 shows
both the terminating state and also a second more de-
formed minimum with ε2 ' 0.22 and γ = 0◦. The energy
corresponding to the second minimum is also shown in
fig. 16 where it is seen to become yrast around I = 20. A
similar minimum is found with negative parity for protons
and this energy is also displayed in fig. 16. However, these
more deformed bands are calculated to be roughly 2 MeV
higher in energy than the I = 29/2 state and are not seen,
nor indeed expected to be seen, in the present experiment.

Calculations were also performed for the isotopes 89,90Rb
with similar results. In general, for the low-spin states we
obtain weakly deformed yrast lines but where the addi-
tional neutrons added to the 2d5/2 shell drives the shape
to slightly larger deformations, as discussed within the
context of the Jahn-Teller effect in the introduction, sect.
1.

6 Summary

This paper is concerned with a study of the medium-high
spin states of the rubidium isotopes (Z = 37) with A
= 87, 89, and 91. Excited states were populated in bi-
nary transfer reactions initiated through the interaction
of 530-MeV 96Zr ions with a thin target of 124Sn. Use of
the Prisma/Clara setup in the measurements allowed
the unambiguous identification of the projectile-like nu-
clei together with the associated γ rays. Data from a sec-
ond experiment, which used the Gasp array to measure
γ rays from the decay of fission fragments produced in
the reaction 36S+176Yb at 230 MeV, were used to build
level schemes and to perform angular correlations mea-
surements.

Experimental results have been compared with the re-
sults of spherical shell-model calculations, and cranked
Nilsson-Strutinsky calculations. Shell-model calculations
for 87Rb and 89Rb show a reasonably good agreement for
the low- and most of the medium-spin states. Deviations
between experiment and shell model for high-spin positive
parity states of 87Rb are possibly a consequence of the re-
stricted shell-model space in the present work and may in-
dicate the importance of crossing the neutron shell closure
through np-nh neutron excitations for energies in excess of

about 5 MeV. In 91Rb it is possible, for each experimental
state above the 9/2+ isomer, to identify an association of
experimental and shell-model states but, given the num-
ber of relatively close lying high-spin shell-model states
and the uncertainties in the experimental Jπ values, the
confidence in doing so is considerably reduced compared to
the association for 87Rb and 89Rb. In this respect, further
experimental work on the level structure of 91Rb would
be helpful.

Cranked Nilsson-Strutinsky calculations, including pair-
ing, were performed to describe medium-spin states in
the nuclei. The results confirm the spherical and close-to-
spherical behaviour of 87,89,91Rb. A very interesting sec-
ond minimum is predicted for levels above the 29/2+ state;
however, it was not possible to observe these levels in the
present experiment and further experimental work is re-
quired to populate and study such non-yrast states.
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