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Signature inversion in odd-odd "*Rh: First identification of high-spin states in very neutron-rich
U4Rh and application of the triaxial projected shell model
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High-spin excited states in the very neutron-rich nucleus '*Rh have been studied by examining the prompt y
rays emitted in the spontaneous fission of >2Cf with the Gammasphere detector array. A high-spin level scheme
of '"*Rh has been established for the first time with 13 new levels. The level scheme is proposed to be built on
a 7~ state. The existence of a relatively large signature splitting and an yrare band show features which may
indicate triaxial deformation. The phenomenon of signature inversion has been observed in '*Rh at I = 12 7.
The observed signature inversion of ''“Rh is interpreted successfully in terms of the triaxial projected shell
model. Theoretical calculations suggest that the negative-parity, yrast band of ''*Rh has the two-quasi-particle
configuration of 7 g9/» ® vhiy,, consistent with the systematics of odd-odd Rh isotopes. The signature inversion
at spin 12 i may be attributed to the change of rotational mode, from quasi-particle aligned rotation at low spins

to collective rotation at high spins.
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I. INTRODUCTION

Neutron-rich nuclei in the A = 110 region are of great
interest because they are characterized by shape coexistence
and shape transitions, including triaxial shapes [1-3]. In this
region, the active proton orbitals, midway in the 7 g9/, subshell,
can drive the nuclear shape toward oblate, prolate, or triaxial
deformations, while the neutron Fermi levels, below or near
the bottom of the vh;/, subshell, drive the shape to prolate or
triaxial deformations. These tendencies have been observed in
the yrast bands of neighboring odd- A nuclei, which are built on
the mgo/> and vh,y/, orbitals. The proton orbitals originating
from the go/> subshell are influenced by the triaxial nuclear
deformation. The appearance of triaxial deformations and soft
shape transitions were found in nuclei of Z > 41 [3-7].

Odd-odd neutron-rich Rh isotopes are located in this
mass region, and a remarkable similarity in their high-spin,
negative-parity yrast states is seen throughout a large range
of neutron numbers from 59 (‘**Rh) to 67 (''?Rh) [7-10].
Earlier investigations of these Rh isotopes in S-decay studies
established their low-lying excited states, where their ground
states were found to have a spin-parity of 17 [11]. High-spin
states of negative parity in odd-odd '°~'1?Rh have been built
based on their positive-parity isomeric states [7-10]. A 6™
isomeric state was proposed for '°%!2Rh while a 5 isomeric
state was proposed for '%4198.110Rh [7-10]. The bandheads of
their negative-parity yrast bands have a spin-parity of 6~ with
a 7~ intermediate state from N = 59 to N = 65 and then it
becomes 7~ at N = 67 (!!?Rh). These Al = 1, negative-parity
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yrast bands originating from the coupling of a proton in the
89,2 orbital with a strongly aligned 411, neutron are present at
low and moderate excitations. In addition, the phenomenon of
signature inversion in %19-192Rh has recently been observed
and studied [12-15].

Thus, it is worth exploring the structure of odd-odd Rh
isotopes in the more neutron-rich region with N > 69. Low-
lying states in "“Rh (N = 69) were observed in B-decay
studies [16] where the ground state was determined as 17T,
following the systematics of odd-odd '~!"1?Rh. A definite
odd parity and a probable I = 7 were deduced for a high-spin
level in ''“Rh by studying the B decay of ''“Rh to '*Pd [17].
Here, we establish a high-spin level scheme of ''“Rh for the
first time along with the observation of signature inversion in
its yrast band.

II. EXPERIMENTAL RESULTS

Studies of the spontaneous fission of 2°2Cf with multi-y-
detector arrays give a powerful approach for the identification
of high-spin states in neutron-rich nuclei [3]. Data for this work
were collected by using the Gammasphere detector array at
Lawrence Berkeley National Laboratory. A 2?>Cf spontaneous
fission source of 62 uCi was placed between two iron foils
of 10 mg/cm?, which were used to stop the fission fragments
and eliminate the need for a Doppler correction. A plastic
ball of 7.62 cm in diameter, surrounding the source, was
used to absorb B rays and conversion electrons, as well as to
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FIG. 1. Coincidence spectra gated on transitions in **!35. Two new transitions of energies 195.9 and 278.1 keV are indicated with an

asterisk.

partially moderate and absorb fission neutrons. A total of 5.7 x
10'! triple- and higher-fold y-ray coincidence events were
recorded. Data were analyzed with the RADWARE software
package [18]. The basic idea to identify new transitions in an
unknown nucleus is to gate on transitions in its partner isotopes

and compare their fission yields. The fission partners of ''“Rh
are I isotopes, namely, 1331361,

Two spectra were obtained by double-gating on transitions
in 1341 [19] and '3°T [20], respectively, as shown in Fig. 1,
where two new transitions of energies 195.9 and 278.1 keV
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FIG. 2. Coincidence spectra gated on the new 195.9-, 278.1-keV transitions and the 952.4-keV in '3*I and 1133.8-keV in !*°I transitions.
Four new transitions of energies 211.2, 264.1, 297.5, and 324.5 keV are marked with an asterisk.
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FIG. 3. Coincidence spectra gated on the new 195.9- and 264.1-keV transitions, the new 195.9- and 211.2- keV transitions, and the new
278.1- and 324.5-keV transitions. All newly observed transitions are marked with an asterisk.

are seen, along with those previously known strong transitions
in "112.113R K [7,9]. The spectra gated on the new 195.9-keV
transition and the 952.4-keV transition in '**I as well as the
1133.8-keV transition in '33I show three new transitions of
energies: 211.2,264.1, and 297.5 keV, as indicated in Figs. 2(a)
and 2(b). Shown in Fig. 2(c) [Fig. 2(d)] is the spectrum gated
on the new 278.1-keV transition and the 952.4-keV transition
in 34T (the 1133.8-keV transition in '331), where one sees
the same new transition of energy 211.2 keV as in Figs. 2(a)
and 2(b), besides anew 324.5-keV transition. The spectra gated
on the new 195.9- and 264.1-keV transitions, the new 195.9-
and 211.2- keV transitions, and the new 278.1- and 324.5-keV
transitions show the other new transitions, such as the 317.0-,
420.9-, 432.3-, and 318.2-keV transitions, and the coincidence
relationships among these new transitions and those known
ones in 133~136] [19-22], as shown in Fig. 3. These data enable
us to establish a new level scheme belonging to a single Rh
isotope, as shown in Fig. 4.

A method, which has been successfully used for our
work in '3*T [19] and '3%140.192Cs [23] was adopted to
determine the mass number of the present level scheme. In
the 279.7/224.8- (''Rh), 60.6/183.0- (''>Rh), 232.2/240.6-
('3Rh), and 195.9/264.1-keV double gates, the fission yield
ratios of the 1111.8-keV transition in '361 [22] to the
1133.8-keV transition in '3°I [20] were measured to
be 0.80(11), 0.55(8), 0.32(4), and 0.21(3), respectively.
The variation of these ratios follows those of '“>Cs to '*'Cs in
the 199198 T¢ gates, as presented in Fig. 5. So it is reasonable to
assign the mass number 114 to the level scheme we established.
The spin-parity assignments to the levels in the level scheme
of “Rh as shown in Fig. 4 are mainly based upon the

analogy with the level structures of the lighter odd-odd Rh
isotopes.

III. DISCUSSION AND CALCULATIONS

The AT = 1, negative-parity yrast band assigned to ''“Rh
as displayed in Fig. 4, together with the level schemes built on
the 7 g9/ ® vh 1> configuration in odd-odd '%~!12Rh, shows
a striking similarity that supports a common interpretation for
all bands, as presented in Fig. 6. Therefore, it is reasonable
to propose that the present high-spin level scheme of ''“Rh
is built on a 7~ state with the wgo/» ® Vi1, configuration,
which is solidified by the theoretical calculations presented
later. Figure 6 shows the Al = 1 level structures of odd-odd
104-114Rh based on a 7 state in each nucleus. On the basis
of this similarity, spins and parities were assigned to the
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FIG. 4. Partial high-spin level scheme of !'4Rh built in the present
work. All transitions are newly observed.
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states of the yrast band of ''“Rh, as presented in Fig. 4. With
the assumption that the 278.1-keV transition has an E2/M1
character, spins and parities were assigned to the levels in the
sideband in ''"*Rh except for the 1309.1-keV state.

Note that the 7~ states of these Al = 1, negative-parity
bands decay either to the 5% (or 6) isomeric state through a 6~
state in odd-odd '*~119Rh or directly to the 67 isomeric state
in ''>’Rh. However, we have not observed any transition depop-
ulating the 7~ state in !'*Rh to an isomeric state. Note that in
the case of 1'2Rh, the 7~ — 67 transition has a small transition
energy of 60.6 keV. It is possible that the 7~ — 6™ transition
in "“Rh has a much smaller transition energy than 30 keV,
the detection energy cutoff for our experiment. Another
possibility is that there is no such a positive isomeric state
in "“Rh, as indicated in Ref. [17].
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The signature is a quantum number associated with the in-
variance of a system with an intrinsic quadrupole deformation
under a rotation of 180° around a principal axis [24]. Due to
this symmetry, level energies E (/) of a high- j rotation band are
split into two branches with Al = 2, classified by the signature
quantum number «. The signature splitting iS a measure
of the difference of the Routhians (the energy referring to
the rotating coordinate system) between the two signature
branches of a rotation band. This quantity can be used as an
indicator of the shape of a nucleus. Triaxial deformations can
contribute to a large signature splitting, because K is nota good
quantum number any longer. Also as a rule, the energetically
favored signature sequence in an odd-odd nucleus has the
signature oy =1((—1)»~"2+(-1)}n=12] [25], which gives ay =0
(even-integer spins) to the wg9» ® vh1/2 configuration of
U4Rh. If the Routhian of the favored signature is found
to lie higher in energy than that of the unfavored one, the
corresponding signature splitting is anomalous. The signature
splitting becomes normal at some spin where signature
inversion occurs.

E(I)— E(I — 1) (energy difference) vs spin is plotted for
the yrast band of '"*Rh in Fig. 7, which is a simple way to
investigate the phenomenon of signature inversion. One clearly
sees that E(/) — E(I — 1) in the favored signature branch
with even-integer spins is located above that in the unfavored
signature branch with odd-integer spins at low spins. The
energy differences in the favored signature branch are lower
than those in the unfavored branch after I = 12 7, where the
signature inversion emerges. After that, the signature splitting
becomes normal and the anomalous splitting disappears. The
critical spin where the signature changes from the abnormal
phase to the normal one is called the reversion spin /., [26].
So Irey = 12 i for '"*Rh as shown in Fig. 7. One also sees a
significantly larger signature splitting in ''*Rh for the states
higher than I.,.

The observation of the anomalous signature splitting
and the signature inversion is a common feature in many
mass regions, A = 80, 100, 130, 160. Generally, the normal
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FIG. 6. Al = 1, negative-parity yrast bands of odd-odd '*~!¥Rh associated with the 7 go/» ® VA2 configuration. Level energies are
relative to the corresponding 7 state. Data are taken from the present work for !'*Rh and Refs. [7-10] for others.
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signature splitting is achieved above a certain spin value,
which depends on the nucleon numbers. The mechanism of
signature inversion has been studied in various theoretical
frameworks with different explanations. Some of them involve
the influence of triaxial shapes. A residual proton-neutron
interaction with an axially symmetric core can induce the
signature inversion as well. The signature inversion can also
be obtained in the projected shell-model framework with axial
symmetric shapes resulting from the crossing of different
bands with opposite signature dependence [28]. After that,
the triaxial-projected shell model in a realistic configuration
space was developed and used to reproduce the signature
inversion in the A = 130 region very well [29]. More recently,
a few theoretical calculations have been done for the signature
inversion observed in A & 100 Rh and Ag isotopes [12—15].

Regarding '"Rh, it is likely that triaxiality plays an
important role in its nuclear structure with its clear signature
splitting by spin 12 and a sideband feeding the 8~ state in
the yrast band (this sideband is called the yrare band; see
Ref. [30]). Therefore, triaxial-projected-shell-model (TPSM)
calculations have been performed for ''“Rh to study the
observed signature inversion. The theory is briefly described
below, and more details of the TPSM and its application to
understanding the signature inversion phenomenon can be
found in Ref. [29]. In the TPSM theory, the wave function
is written as

|‘D7M>=Zf10m ﬁAI/IK|q>K>' (1)
Kk

In Eq. (1), |®,) represents a set of two-, four-, and six-
quasi-particle (qp) states associated with the triaxially de-
formed gqp vacuum |0) for odd-odd nuclei. The qp states
are obtained by carrying out the standard BCS calculation
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from the triaxially deformed Nilsson single-particle basis
states. The shell-model space is then built by establishing
multi-quasi-particle states from the deformed Nilsson orbitals
which lie close to the Fermi levels. To form the shell-model
basis in the laboratory frame, the broken rotational and
axial symmetries in the deformed multi-quasi-particle states
are necessarily recovered by extracting three-dimensional
angular-momentum projection, where the projection operator
is P! .. The o in Eq. (1) specifies the states with the same
angular momentum /. The two-body interaction Hamiltonian
is then diagonalized in the projected basis. The mixing of
the projected configurations is realized by the diagonalization,
which describes fully quantum-mechanically the competition
and possible transitions between different rotational modes.
The TPSM Hamiltonian consists of a set of separable forces

H:HO—EXZQ;LQM—GMPTP—GQZPILPM. )
Iz "

In Eq. (2), Hy is the spherical single-particle Hamiltonian,
which contains a proper spin-orbit force [31]. The second term
is the quadrupole-quadrupole (Q Q) interaction that includes
the nn, pp, and np components. The Q Q interaction strength x
is determined in such a way that it has a self-consistent relation
with the quadrupole deformation. The third term in Eq. (2) is
the monopole pairing, whose strength G, is of the simple
standard form G/A with G = 14.48 MeV for neutrons and
G = 16.87 MeV for protons used in the present work. The
last term is the quadrupole pairing, with strength G being
proportional to Gy, G = 0.12G . The triaxially deformed
single-particle states for ''*Rh are generated by the Nilsson
Hamiltonian with the deformation parameters &, = 0.253 and
y = 32° (Lund convention), which are supported by total
Routhian surface calculations. Three major shells, N = 3, 4,
and 5, are considered each for neutrons and protons.

The level energies E(I) of the g9, ® vhii,; yrast band
in "“Rh have been calculated up to I =28n, and the
experimental level energies are well reproduced. In Fig. 7,
the experimental E(I) — E(I — 1), solid circles, are compared
with the values calculated by the TPSM, solid squares. From
Fig. 7, it is seen that the signature splitting and the staggering
behavior have been well reproduced, especially for the
reversion spin 12 7. The calculation predicts that the signature
splitting increases with increasing spins after the reversion
spin I;y = 12 . Unfortunately, such a behavior cannot be well
seen in experimental data due to the limits of the highest spin
measured. However, the tendency of the increasing signature
splitting can be foreseen from the experimental data where
the quantity E(I) — E({ — 1) has a significantly enhanced
staggering after / = 12 i, in comparison with those at lower
spins, as shown in Fig. 7. The feature of the increasing
signature splitting with the fast rotation characterizes the
collective rotation, which will be discussed in more detail
next.

To probe the nature of the rotational motion of the triaxially
shaped nucleus 14Rh, calculations have been carried out for
the expectation values of three components of the total angular
momentum along the principal axes by using the TPSM
wave functions from diagonalization that has reproduced the
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experimental data well, as seen in Fig. 7. The calculated
Ii2/1(1 + 1), where i = x, y, and z, vs spin are plotted in
Fig. 8.

The distinguishing feature of a crossing between the 13
and IZ2 curves around 12 7, as shown in Fig. 8, indicates a
change of the rotational mode. There exist two elementary
modes of excitations for building the angular momentum in
a highly rotating, deformed nucleus. The angular momentum
may be due to the collective rotation around a principal axis
or by means of the alignments of the angular momenta of
the valence particles. In a triaxial nucleus, the alignments
of the quasiparticles may occur along the shortest axis,
called rotational alignment, or along the longest axis, called
deformation alignment. The collective rotation in a superfluid
triaxial nucleus proceeds along the principal axis of medium
length, called principal axis rotation. At spins lower than
12 1, the states of the mwgy;» ® vhii, band in H4Rh have
deformation alignment, where I,, the projection of the total
angular momentum along the z axis, is the largest. The large
values of I, are contributed by the alignments of the last
neutron and the last proton along the z axis because the
neutron and proton Fermi levels lie at more than a half shell
of the hyy/ and the go/ subshells, respectively. In contrast,
at spins higher than 16 7, the states behave as the collective
rotation in which 7, dominates. It is interesting to see that the
crossing between 1, and I, occurs at around the experimental
Ly = 12 h. Therefore, it is a reasonable suggestion that the
observed signature inversion be attributed to the change of
the rotational mode, from the quasi-particle aligned rotation
to the collective rotation along the intermediate principal axis.
At low spins, the angular momentum is mainly built by the

PHYSICAL REVIEW C 83, 064310 (2011)

alignments of the last &;/, neutron and gg,» proton, while
being in a competition with the strong collective rotation, so
the situation is somewhat complicated. At spins larger than
12 h, the signature splitting has its normal phase and increases
with increasing spins, as seen Fig. 7, and these are indeed
the characteristics of the collective rotation, or principal axis
rotation.

It is worth mentioning that the present work is the first
investigation of signature inversion in neutron-rich A ~ 110
isotopes, which has opened up new challenges to both
experiment and theory. This work extends the application of
the triaxial-projected shell model from the A = 130 region to
the A = 110 region as the mechanism of signature inversion.
Note that the studies in Ref. [29] indicate the impact of
the residual proton-neutron interactions merely modifying the
position of the reversion spin.

IV. CONCLUSION

The present work established a high-spin level scheme of
4R for the first time by studying the y rays from the spon-
taneous fission of 22Cf with Gammasphere. The level scheme
bears a remarkable similarity to those of lighter odd-odd Rh
isotopes. We assigned spins and parities to levels in the yrast
band which has a configuration of 7 g9/» ® vhi;/2. A sideband
feeding the yrast 8~ state and a relatively large signature
splitting in the yrast band indicate triaxiality playing a role in
the structure of '"*Rh. The phenomenon of signature inversion
was observed in the yrast band of ''“Rh with I, = 12 5.
The triaxial-projected shell model was used to interpret the
signature inversion in ''*Rh. Model calculations successfully
predicted I, = 12 i and reproduced the experimental level
energies in "“Rh very well. Further examinations showed
that the change of the rotational mode from quasi-particle
aligned rotation to collective rotation along the intermediate
axis of the triaxial ellipsoid can give rise to signature inversion
in “Rh.
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