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Signature Inversion Caused by Triaxiality and Unpaired Band Crossings in 72Br
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High-spin states in 72Br were studied with the EUROBALL III spectrometer using the 40Ca�40Ca,
a3p1n� reaction. The negative-parity band observed in this experiment displays a signature inversion
around spin I � 16. The interpretation within the cranked Nilsson-Strutinsky approach shows that this
signature pattern is a signal of a substantial triaxial shape change with increasing spin where the nucleus
evolves from a triaxial shape with rotation about the intermediate axis at low spin through a collective
prolate shape to a triaxial shape but with rotation about the shortest principal axis at high spin.

PACS numbers: 21.10.Re, 23.20.En, 23.20.Lv, 27.50.+e
Rotational structures in nuclei can be characterized by
the signature quantum number a which defines the ad-
missible spin sequence for a band through the relation
I � a 1 2n �n � 0, 1, . . .�. This is a consequence of the
well-known D2 symmetry of deformed intrinsic shapes re-
flected through the appearance of two signature partner
bands with a � 0 or 1 in even-mass nuclei and a � 6

1
2

in odd-mass nuclei (note a �
3
2 � 2

1
2 ). In a plot of the

level energies E�I� vs I usually each of the two signature
branches forms a regular I�I 1 1� sequence. One branch
is favored, i.e., lower in energy, whereas the other one is
separated by the so-called signature splitting. Usually, one
expects that such a signature splitting is growing with the
spin I due to the increasing Coriolis force. Quantitatively
this splitting effect can be seen when plotting the scaled
energy differences �E�I� 2 E�I 2 1���2I vs I which ap-
pear as a typical staggering curve. However, one observes
in several cases that the signature splitting decreases with
spin and even changes its sign, i.e., the energetically fa-
vored and unfavored signature branches cross each other
and interchange their role. This phenomenon is known as
signature inversion. It has been suggested that such an in-
version might be a specific fingerprint for a triaxial shape
in nuclei [1], but no conclusive evidence for this explana-
tion has been presented so far. In an alternative interpre-
tation, such a signature inversion may be caused by the
residual interaction between high-j particles [2].

The rotational bands considered previously with regard
to signature inversion were based on high-j orbitals. Our
study of bands in 72Br represents a new situation, be-
cause here the low-j orbitals of the fp shell play a crucial
role and determine interesting properties. Since no large
signature-dependent effects from residual interactions are
454 0031-9007�00�85(12)�2454(4)$15.00
expected for these orbitals, only mean field contributions
will be considered in the present study.

High-spin states in 72Br were populated in the re-
action 40Ca�40Ca, a3pn� at 185 MeV, using the 40Ca
beam delivered by the XTU Tandem accelerator of the
Laboratori Nazionali di Legnaro. We used a self-
supporting 40Ca target with an enrichment of 99.96%
and a thickness of 0.9 mg�cm2. g rays were registered
with the 15 Cluster [3] and 26 Clover [4] detectors of the
EUROBALL III spectrometer. Charged particles were de-
tected with the ISIS ball consisting of 40 DE 2 E silicon-
detector telescopes [5]. At forward angles, 15 segmented
detector units filled with BC501A liquid scintillator were
mounted to detect neutrons [6]. Approximately 2 3 109

ggg coincidences were collected and sorted off line into
two-dimensional Eg 2 Eg-particle matrices and three-
dimensional Eg 2 Eg 2 Eg cubes. These coincidence
data were analyzed using the Radware package [7].

The level scheme of the 72Br nucleus resulting from the
present experiment is shown in Fig. 1. The relative spin
values with respect to the ground state were deduced from
an analysis of g 2 g directional correlations of oriented
states. However, spins and parities remain tentative due to
the tentative assignments for the ground state [8]. Based
on the present spin and parity assignments, the excitation
energies of states with given spin and parity in the chain
of odd-odd Br isotopes [9–11] result in a smooth curve
with respect to the neutron number. This comparison,
previously applied to other mass regions [12], certainly
fixes the spin within 1 h̄. The levels marked with thicker
lines in Fig. 1 are the highest levels in the negative-parity
bands known from previous studies [8,13]. In a very re-
cent study the positive-parity bands were established up to
© 2000 The American Physical Society



VOLUME 85, NUMBER 12 P H Y S I C A L R E V I E W L E T T E R S 18 SEPTEMBER 2000
FIG. 1. The level scheme of 72Br obtained in the present ex-
periment. For details of the low-spin part, see Ref. [13].

spin (21) [14], whereas negative-parity states were not re-
ported. Based on the present coincidence measurement we
extended the negative-parity bands to an excitation energy
of Ex � 13 MeV and a spin of I � �26�.

The negative-parity bands display peculiar features.
Each of the two branches with signatures a � 0 and
a � 1 shows a backbend, namely at I � 14 and I � 19,
respectively. However, the most surprising feature is
the signature splitting that can be seen in Fig. 2(a). The
a � 1 branch is favored up to I � 16 where a crossing
of the branches takes place such that the a � 0 branch
is favored at higher spins. This signature inversion in the
negative-parity bands is unique in the chain of odd-odd Br
isotopes. In contrast, the 74,76,78Br nuclei display signature
inversions in the positive-parity bands, at low spin values
I � 9 [9–11]. This phenomenon was theoretically pre-
dicted and discussed in Ref. [15]. The spin value where
the inversion occurs corresponds to the maximum spin of
a single-particle configuration with one proton and one
neutron in the high-j g9�2 orbitals.

To understand the microscopic origin of the signature
inversion in the negative-parity bands of 72Br we per-
formed calculations using the configuration-dependent
cranked Nilsson-Strutinsky (CNS) approach [16,17] to
obtain the equilibrium shapes of selected configurations
at different spin values. The parameters of the Nilsson
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FIG. 2. The energy difference between the states with spin I
and spin (I 2 1), divided by twice the spin, for the observed
(a) and calculated (b) negative-parity band in 72Br.

potential adapted to A � 80 nuclei [17] were used. The
energies of the observed bands are plotted as a function
of the spin in Fig. 3(a), with a standard rigid rotation
reference subtracted [17]. The negative slope indicates
that in all four bands, the angular momentum is built at a
lower energy cost than for the reference rotation. In fact,
the best fit of the energies in the negative parity bands by
a �h̄2�2J �I�I 1 1� rotor expression leads to a moment of
inertia J being about 30% larger than the one implied in
the standard reference. This large moment of inertia can
be attributed to particularly large shell effects at normal
deformation in this nucleus, where the low energy for
I � 20 25 indicates a very favored configuration for
these spin values. It also suggests that pairing correlations
are of minor importance for all spin values. This is
the justification why the calculations were performed
without pairing.

In the CNS calculations equilibrium configurations at
near-oblate or near-prolate shape compete at low and
intermediate spin. Collective near-oblate configurations
are generally lowest in energy up to spins I � 10 12. At
higher spins, however, collective configurations at near-
prolate equilibrium shapes are calculated to be lower in
energy. The high-spin band of positive parity is well
described by such a configuration [see Fig. 3(b)], which
includes one proton and three neutrons excited to the
g9�2 orbital, whereas the remaining six protons and six
2455
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FIG. 3. Observed (a) and calculated (b,c) energies of high-spin
bands in 72Br drawn vs spin I relative to a standard rigid rotation
reference. The calculated energies have been normalized to the
observed states around the signature crossing at I � 16. The
calculated bands are labeled by the number of g9�2 protons and
neutrons. In (b), a minimization in (´2, g, ´4) deformation was
performed for each state, while in (c) the shape is constrained
at g � 0 (axial symmetry).

neutrons above Z � 28 stay in the N � 3 orbitals.
Accordingly, it is labeled �1, 3	 [17]. Indeed, the large
signature splitting between the odd and even spin branches
observed for the positive-parity band [14] can only be
reproduced, if the unpaired nucleons are in high-j intruder
g9�2 orbitals, resulting in positive parity [Fig. 3(b)].
Moreover, the calculations predict the branch with signa-
ture a � 1 to be lower in energy, which is consistent with
the experiment [Fig. 3(a) and 3(b)]. This is in agreement
with general expectations for the signature splitting of a
band based on high-j g9�2 orbitals [1,11], and implies
that our spin values in these bands can be changed only in
units of DI � 62 (conserving the signature). Combined
with the arguments given above this confirms the proposed
spin values for the high-spin states in 72Br.

The CNS calculations show that the negative-parity band
at high spin is well described by the near-prolate �2, 3	
configuration. This assignment is strongly supported by
the small signature splitting observed experimentally for
this band [Fig. 3(a)], which can be reproduced only with
an unpaired nucleon in the low-j fp orbitals. The reliabil-
ity of the present approach is further supported by the fact
that a similar configuration describes the high-spin prop-
erties of the negative-parity bands in the neighboring 73Br
nucleus [18].

We performed a fully consistent calculation, i.e., the
equilibrium deformation in the potential energy surface
2456
was searched for at each spin value separately. A com-
parison of the obtained signature splitting with the experi-
mental one is shown in Fig. 2(b). It can be seen that the
main features are reproduced in the calculations. The odd-
spin branch (a � 1) is favored up to I # 16, whereas after
the inversion the even-spin branch (a � 0) is lower in en-
ergy. Moreover, both branches approach again at the high-
est observed spin. This behavior is reflected in Fig. 3(b)
and is consistent with the experimental findings given in
Fig. 3(a).

In Fig. 3(c) a calculation with a fixed axial-symmetric
shape (g � 0±) and free deformation parameters e2, e4 is
presented. In this case, no signature splitting is predicted at
low spin. Moreover, the prediction that the a � 1 branch
is favored at I � 20 is incorrect. At fixed negative g

values (triaxial shape with rotation about the intermedi-
ate principal axis) the signature order becomes correct at
low spin, but no inversion occurs. On the other hand, at
positive g values (rotation about the short axis), the a � 0
branch is favored at low spin in contradiction to the experi-
ment. This analysis shows clearly that the signature split-
ting and especially the signature inversion are reproduced
only by a varying g deformation with increasing spin as
obtained from the fully consistent calculation. This chang-
ing g deformation manifests itself in the calculated defor-
mation trajectories, which connect the energy minima at
different spins. These trajectories are graphed in Fig. 4(a).
At low spin the equilibrium deformation corresponds to
negative g values (g � 210± to 215±). However, it
gradually changes with increasing spin to positive values
with g � 115± to 120± at the highest observed spins. The
maximum spins of the two signature branches of the con-
figuration �2, 3	 are Ip

max � 302 and 312, respectively, if
only the N � 3 orbitals p3�2 and f5�2 are included. How-
ever, the calculations do not predict any distinct termina-
tion of the branches at these spins. Instead they continue to
higher spins, which is mainly caused by coupling with the
f7�2 orbital. These states of higher spin appear, however,
at very high energies (cf. Ref. [17]).

A more detailed understanding of the microscopic
features causing the behavior of the two signatures of the
negative-parity band in 72Br is obtained from the Routhian
diagram in Fig. 4(c) constructed for an average trajectory.
This plot reveals the crossing of the two signature branches
at I � 16. This crossing is caused by the interaction be-
tween the lowest f5�2 and the highest p3�2 orbitals. These
have spin projections onto the symmetry axis of V � 1�2
and V � 3�2, respectively, in the limit of axial symmetry.
Thus, the odd particle is in the V � 3�2 orbital at low
spin. Since only V � 1�2 orbitals have a first order
signature splitting at axial symmetry (a decoupling factor
a fi 0), this explains why no signature splitting is found at
low spin in Fig. 3(c). A somewhat similar interaction be-
tween medium-j orbitals leading to positive and negative
g deformation has been discussed for 123La in Ref. [19].
In that case, however, there is no support from the
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FIG. 4. (a) Calculated deformation trajectories for the even-
spin (filled circles), odd-spin (open circles) states of the
negative-parity bands in 72Br and an average trajectory (open
squares) in steps of 4h̄. The origin of the orbitals at spherical
shape is traced in (b). Routhians at deformations along the
average trajectory at approximate spin values (c). The negative-
parity configurations are formed relative to the Z � 36 gap
by making holes in orbitals shown on a shaded background.
Arrows indicate the strongest interaction of these orbitals with
the next lowest ( f5�2, p3�2) orbitals. Since neutron and proton
orbitals are similar, the graph indicates a low level density
(favored shell energy) at high spin for Z, N � 35 37.

experiment, because no specific fingerprint pointing to
triaxial deformation was identified, and only one signature
was experimentally observed.

It is finally interesting to note the spin values where the
orbitals interact in Fig. 4(c). For signature a � 1�2, this
occurs at I � 14 in agreement with the band crossing ob-
served in the even-spin branch. Analogously, the interac-
tion occurs at I � 19 for the a � 21�2 orbitals, which
is consistent with the observed band crossing in the odd-
spin branch. Thus, the observed band crossings can be un-
derstood as crossings (local interactions) between unpaired
orbitals. This is compatible with our assumption that pair-
ing correlations are negligible in these bands.

In summary, the signatures a � 0 and a � 1 of the
negative-parity bands in 72Br were observed up to I �
�26� and I � �25�, respectively. The moments of iner-
tia of these bands exceed the rigid-body value indicating
large effects from the specific shell structure of this nu-
cleus. A detailed description of these bands is achieved
in terms of cranked Nilsson-Strutinsky calculations with
standard parameters. The two signature branches cross
around I � 16. The occurrence of a signature inversion
in this spin region is reproduced in the calculations, if
the self-consistent deformation is determined for each state
separately. The calculated sequences start at a triaxial de-
formation with rotation about the intermediate axis (g �
210± to 215±) but change their deformation as a func-
tion of the spin and become triaxial with rotation about the
shortest principal axis (g � 115± to 120±) at the high-
est spins. A study of the microscopic background shows
that the signature inversion cannot be obtained without this
specific shape evolution. Furthermore, a band crossing ob-
served at different spins in the two signature branches is
explained as being due to unpaired crossings (local inter-
actions) between the two signature branches of the lowest
f5�2 orbital and the highest p3�2 orbital.
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