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Signature inversion caused by shape change in84Rb
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Abstract

The angular momentum projected shell model (PSM) is applied to the nucleus84Rb. The results of theoretical calculations
about the positive-parity yrast band with configurationπg9/2 ⊗ νg9/2 and the negative-parity yrast band with configuration
π(p3/2, f5/2) ⊗ νg9/2 are compared with experimental data. The interpretation within the projected shell model shows that
the signature inversion displayed in the positive-parity yrast band in this nucleus is a signal of a substantial quadrupole shape
change with increasing spin where the nucleus evolves from a prolate shape at low spin through a triaxial shape to an oblate
shape at high spin. In addition, we also specify the nuclear shape for these two bands.
 2003 Elsevier Science B.V.
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Excited states in the double-odd nucleus84Rb have
mainly been studied via the81Br(α,n)84Rb reaction
by means of in-beamγ -ray spectroscopy in 1991 [1].
In that work, on top of the 5(+) isomer a level sequence
with increasing spins up to 10h̄ and probably positive-
parity has been identified. These states are ascribed to
the configurationπg9/2 ⊗ νg9/2. The negative-parity
states in84Rb originate from the unpaired neutron
occupies the almost filledg9/2 orbit and the unpaired
proton moves in the almost filled orbitsf5/2 or p3/2.
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High-spin states of the double-odd nucleus86Rb,
which contains only two neutrons more than the
nucleus84Rb, have been investigated via the reaction
82Se(7Li ,3n)86Rb in 1994 [2]. The new high-spin
level scheme of86Rb is interpreted on the basis of
shell-model calculations in the configuration space
2p3/2, 1f5/2, 2p1/2 and 1g9/2 for the protons and
2p1/2, 1g9/2 and 2d5/2 for the neutrons. In that Letter,
in agreement with the experimental result the ground
state is predicted as the 2− level which is characterized
by the coupling of one neutron hole in the 1g9/2
orbital to theπ(1f 5

5/2,2p4
3/2) configuration. The same

structure is prevailed in the wave function of the lowest
7− level whereas the lowest 6− state is predominantly
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formed by coupling one hole in theν 1g9/2 orbital to
theπ(1f 6

5/2,2p3
3/2) configuration.

High-spin states in adjacent odd–odd nucleus82Rb
were studied through the68Zn(18O,p3n)82Rb reac-
tion at 56 MeV beam energy via a thin target co-
incidence measurement [3]. Signature inversion has
been seen around spin 11, somewhat shifted to the
higher spins when compared with the lighter odd–
odd 76,78Rb isotopes, which have a signature inver-
sion at spin 9. This shift could be a consequence
of the expected decrease in quadrupole deformation
(76,78Rb:β2 ≈ 0.38 and82Rb:β2 ≈ 0.2) for increasing
N in odd–odd Rb isotopes. In addition, for positive-
parity states at low rotational frequency, i.e., ath̄ω �
0.292 MeV, the total Routhian surfaces (TRS) calcula-
tions in that work [3] predict that the nucleus82Rb is
very γ soft with a quadrupole deformation of at most
β2 ≈ 0.23. With increasing frequency, the nucleus be-
comes slightly more deformed and more stiff at an
oblate shape (β2 ≈ 0.25,γ = −57◦).

In the mass 80 region, the deformation depends
strongly on the occupation of the proton and neu-
tron intruder high-j g9/2 subshells, in particular, on
the low-Ω orbitals. For example, collective high-
spin bands built on low-lying isomers in the nu-
clei 74,76Br [4–6] and 76,78Rb [7,8] have provided
evidence for the occurrence of well-deformed nu-
clear shapes with a quadrupole deformation ofβ2 ≈
0.38. With increasing neutron number towards the
neutron shell closure atN = 50 this deformation-
driving feature diminishes and the experimental exci-
tation spectrum can be well explained in the frame-
work of the spherical shell model, as demonstrated
for the odd–odd nucleus86Rb [2]. So we can pre-
dict that the nucleus84Rb has a moderate defor-
mation since for 47 neutrons theg9/2 subshell is
more than half filled and the deformation driving
property of the neutron configuration is strongly re-
duced.

In this Letter the results of investigation about
positive-parity yrast states, especially about the sig-
nature inversion in this band, and the negative-parity
yrast band in84Rb in the framework of the projected
shell model (PSM) are presented. Prior to the present
work, there was no information available for the mech-
anism of signature inversion in this nucleus.

The projected shell model [9–12] employed in
this Letter is a microscopic theory, which solves the

many-nucleon system fully quantum mechanically.
The ansatz for the angular-momentum-projected wave
function is given by

(1)|IM〉 =
∑
k

fkP̂
I
MKk

|ϕk〉,

where k labels the basis states.̂PI
MK is the angular

momentum projection operator which is explicitly
given in Ref. [9]. Acting on an intrinsic state|ϕk〉,
the operatorP̂ I

MK generates states of good angular
momentum, thus restoring the necessary rotational
symmetry violated in the deformed mean field. In this
way the new shell model basis is constructed in which
the Hamiltonian is diagonalized, this shell model basis
taken in the present Letter is as follows:

(2)P̂ I
MK |ϕk〉.

Actually, the basis of the projected shell model is not
orthonormal. However, since the unperturbed states
are degenerate, one can take an appropriate set of their
linear combinations to construct an orthonormal basis.
The coupling matrix elements should then be under-
stood to be those with respect to the corresponding ba-
sis [12].

The basis states|ϕk〉 are spanned by the set

(3)
{
a+
n a+

p |0〉},
for doubly-odd nuclei.|0〉 denotes the quasiparticle
vacuum state anda+

n (a+
p ) is the neutron (proton) qua-

siparticle creation operator for this vacuum; the index
n(p) runs over selected neutron (proton) quasiparticle
states andk in Eq. (1) runs over the configuration of
Eq. (2). The vacuum is obtained by diagonalizing a de-
formed Nilsson Hamiltonian [13] followed by a BCS
calculation. In the calculations, we have used three
major shells, i.e.,N = 2,3 and 4(N = 2,3 and 4) for
neutrons (protons) as the configuration space.

In this Letter we have used the Hamiltonian [12]

Ĥ = Ĥ0 − 1

2
χ

∑
µ

Q̂+
µQ̂µ −GMP̂+P̂

(4)−GQ

∑
µ

P̂+
µ P̂µ,

whereĤ0 is the spherical single-particle shell model
Hamiltonian, Q̂µ is the quadrupole moment opera-
tor, P̂ and P̂µ are monopole pairing operator and
quadrupole pairing operator, respectively. Though the
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theory itself is not bound to any particular form of
Hamiltonian, the advantage of using such a separable-
force Hamiltonian is that the role of each interac-
tion is well known and, therefore, the interpretation
of the numerical result becomes easier. The interaction
strengths are determined as follows: the strength of the
quadrupole–quadrupole interactionχ is adjusted by
the self-consistent relation such that the input quadru-
pole deformationε2 and the one resulting from the
HFB (Hartree–Fock–Bogolyubov) procedure coincide
with each other [12]. The monopole pairing strength
constant is adjusted to give the known energy gap

(5)GM =
[
20.12∓ 13.13

N −Z

A

]
·A−1,

where “−” for neutrons and “+” for protons. Finally
the quadrupole pairing strengthGQ is simply assumed
to be proportional toGM

(6)

(
GQ

GM

)
n

=
(
GQ

GM

)
p

= γ.

The proportionality constantγ is chosen as 0.20 for
all the bands calculated in the Letter work.

The weightsfk in Eq. (1) are determined by di-
agonalizing the Hamiltonian̂H in the basis given by
Eq. (3) as outlined in Ref. [12]. Projection of good
angular momentum onto each intrinsic state generates
the rotational band associated with this intrinsic con-
figuration |ϕk〉. For example,̂PI

MKa
+
n a+

p |0〉 will pro-
duce a 2qp proton–neutron band. The energies of each
band are given by the normalized diagonal elements
according to Ref. [9]. A diagram in whichEk(I) for
various bands are plotted against spinI is referred to
as a band diagram [12]. The lowest eigenvalue of the
Hamiltonian for a given spin is named the yrast energy,
and can be compared with the experiment. In this Let-
ter, we decide to compare the experimentally observed
positive-parity yrast states, especially the signature in-
version in this band, and negative-parity yrast band of
84Rb with the predictions of the PSM.

The projected shell model has at least two ad-
vantages by this token: (1) The procedure of angu-
lar momentum coupling, which must be done trou-
blesomely in the conventional shell model, is done
automatically by the projector irrespective of the num-
ber of quasiparticles (qp) involved. (2) It allows us
to choose various multi-qp bases according to phys-
ical importance. Unfortunately, our present computer

code assumes axial symmetry so that we cannot in-
vestigate thoseγ -deformed nuclei quantitatively [14].
The model has achieved considerable success when it
was applied to the rare-earth region where the nucleus
is well-deformed. In this Letter, we try to apply this
model to theA ∼ 80 region and to show the potential
of this model via the study of low- and high-spin states
of 84Rb.

In our calculations, the following formulae are used
to calculate the pairing gap parameters∆p and ∆n

[15]:

(7)

∆p = 1

4

{
B(N,Z − 2)− 3B(N,Z − 1)+ 3B(N,Z)

−B(N,Z + 1)
}
,

(8)

∆n = 1

4

{
B(N − 2,Z)− 3B(N − 1,Z)+ 3B(N,Z)

−B(N + 1,Z)
}
,

the values of the total nuclear binding energyB
are taken from Ref. [16]. The results are∆p =
1.0725 MeV and∆n = 0.9875 MeV. The spin–
orbit force parameters,κ and µ, appearing in the
Nilsson potential are taken from the compilation of
Zhang et al. [17] which is a modified version of
Bengtsson and Ragnarsson [18] and has been fitted to
the latest experimental data. It is supposed to apply
over a sufficiently wide range of shells. Theseκ
and µ are different for different major shells (N -
dependent). Shape calculations using the Nilsson+
BCS formalism were carried out for the nucleus
84Rb, the Hartree–Fock–Bogoliubov energyEHFB
(approximately equivalent to the deformation energy
from the calculations using the Nilsson+BCS method
[12]) of 84Rb as a function of quadrupole deformation
ε2 is shown in Fig. 1. It can be found that the energy
EHFB has two minima in Fig. 1, they correspond to
the prolate shape(ε2 = 0.20) and the oblate shape
(ε2 = −0.30), respectively, and that these two minima
are considered the equilibrium deformation. It should
be pointed out here that the relationship between the
ε2 andβ2 deformation parameters is as follows [19]:

(9)

ε2 ≈ 0.944β2 − 0.122β2
2 + 0.154β2β4 − 0.199β2

4.

If the first term is adopted only, thenε2 = 0.20 is ap-
proximately equivalent toβ2 = 0.212 andε2 = −0.30
is approximately equivalent toβ2 = −0.318, respec-
tively. Therefore, we take quadrupole deformations
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Fig. 1. Hartree–Fock–Bogoliubov energyEHFB of 84Rb as a func-
tion of quadrupole deformation parameterε2.

of ε2 = 0.20 and ε2 = −0.30, respectively, to cal-
culate the positive-parity yrast states. The hexadeca-
pole deformation parameterε4 = 0.007 is taken from
the compilation of Möller et al. [16]. In the calcu-
lations, the configuration space is constructed by se-
lecting the qp states close to the Fermi energy in the
N = 4 (N = 4) major shell for neutrons (protons),
i.e., K = 1/2, 3/2, 5/2, 7/2 orbitals of g9/2 sub-
shell (all orbitals ofg9/2 subshell) whenε2 = 0.20 is
adopted andK = 1/2, 3/2, 5/2, 7/2 orbitals ofg9/2
subshell (K = 3/2, 5/2, 7/2, 9/2 orbitals ofg9/2 sub-
shell) whenε2 = −0.30 is adopted, respectively, and
forming multi-qp states from them. The comparison
of the experimentally observed signature inversion in
the positive-parity yrast levels of84Rb with the predic-
tions of the PSM is given in Fig. 2(a)(ε2 = 0.20)and
Fig. 2(b)(ε2 = −0.30), respectively. The experimen-
tal data have been taken from Ref. [20]. From both
these figures, we cannot find signature inversion in
our calculations. But if we take quadrupole deforma-
tions equal toε2 = 0.20 (5 � I � 8) andε2 = −0.30
(I � 9), respectively, to calculate the positive-parity
yrast states, as shown in Fig. 2(c), the predictions for
the yrast states of positive-parity are in obviously sat-
isfactory agreement with the experiment except the
energy separation between the states withIπ = 10+

Fig. 2. The transition energies of the positive-parity yrast band in
84Rb. The energy differenceE(I)−E(I − 1) is compared between
theory (open circle) and experiment (solid circle). Data are taken
from Ref. [20].

andIπ = 11+, i.e., the reproduction of this small re-
gion is not so satisfactory. This is because at this re-
gion the nucleus may be triaxial and our computer
code has been written assuming an axially symmet-
ric system, this is the best we can do at the moment
[12]. But we still find that the most remarkable fea-
ture of Fig. 2(c) is that the signature inversion is re-
produced at the right place. The positive-parity yrast
band observed in this nucleus displays a signature in-
version around spinI = 11. The interpretation within
the projected shell model shows that this signature
pattern is a signal of a substantial quadrupole shape
change with increasing spin where the nucleus evolves
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Fig. 3. Projected shell model calculations for negative-parity yrast
states in84Rb compared with the experimental data.

from a prolate shape at low spin through a triaxial
shape to an oblate shape at high spin. The reliability
of the present conclusion is further supported by the
fact that a similar shape change describes the prop-
erties of the positive-parity yrast band in the neigh-
boring 82Rb nucleus as mentioned in the introduc-
tion.

In the negative-parity ground-state band calcula-
tions, the configuration space is constructed by se-
lecting the qp states close to the Fermi energy in
the N = 4 (N = 3) major shell for neutrons (pro-
tons), i.e.,K = 7/2 orbital of g9/2 subshell (all or-
bitals ofp3/2 andf5/2 subshells), and forming multi-
qp states from them. The negative-parity yrast band,
calculated also for aε2 = 0.20 deformation parame-
ter, seems to give the best reproduction of the exper-
iment. The theoretical energy of the negative-parity
yrast band is compared with the experimental data as
shown in Fig. 3. The experimental levels have been
taken from Ref. [20]. In the projected shell model cal-
culation, by taking a quadrupole deformation ofε2 =
0.20 and a hexadecapole deformation ofε4 = 0.007,
the ground-state spin and parity of84Rb were calcu-
lated to be 2−, which is consistent with the experimen-
tal results. The nucleus84Rb has been calculated to be
almost spherical in its 2− ground-state with a small
quadrupole deformation ofε2 = 0.075 (equivalent to
β2 = 0.080 [16]) when a finite-range droplet macro-
scopic model and a folded-Yukawa single-particle mi-

croscopic model are used [16]. But when we use
this quadrupole deformation to calculate the negative-
parity yrast states, the fit is rather bad for these ex-
perimental data. So in the present work the deforma-
tion of this ground-state band is tentatively assigned as
ε2 = 0.20.

In the 82Rb nucleus, for negative-parity states at
low rotational frequency, the TRS calculations [3] pre-
dict an almost spherical shape for such configurations
where the valence neutron is occupying theg9/2 sub-
shell. This is no surprise since for 45 neutrons the
g9/2 subshell is half filled and the deformation driving
property of the neutron configuration is strongly re-
duced. At higher frequency, e.g., at 0.487 MeV, two
minima develop at a less-deformed near-prolate and a
near-oblate shape. However, the near-oblate minimum
disappears again with further increasing frequency. In
general, the TRS calculations support the conclusion
that the82Rb nucleus does not have a stable deforma-
tion at low spins. Through our present calculations, we
think that the similar situation is in the84Rb.

In summary, theoretical analysis of two low-lying
bands designated as positive-parity yrast band that
starts from 5+ and negative-parity yrast band that
starts from 2− is performed and compared with the
experimental data, especially the signature inversion
at intermediate spin around 11+ in the positive-
parity yrast band is discussed in the framework of
projected shell model. It is suggested that the signature
inversion in the positive-parity yrast band of84Rb
may be understood in the projected shell model if
the shape change taken into account, i.e., quadrupole
deformation is assumed to be positive (prolate) below
the inversion point (I ∼ 11), through a triaxial shape,
and to be negative (oblate) above it, the condition
necessary for the signature inversion. Such a situation
is reported here for the first time forA ∼ 80 nuclei.
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