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First observation of a rotational band and the role of the proton intruder orbital π1/2+[431]
in very neutron-rich odd-odd 106Nb
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A rotational band was observed for the first time in 106Nb by means of γ -γ -γ and γ -γ -γ -γ measurements
of prompt fission γ rays from 252Cf by using the Gammasphere multidetector array. Projected shell model and
potential-energy surface calculations were performed and were compared to the experimental data of 106Nb and
the previously reported 104Nb. Configurations and spin-parity were assigned to the ground level, low-lying levels,
and rotational bandheads of the two Nb isotopes. The new rotational band in 106Nb was interpreted as a Kπ = 2−

band with a configuration π1/2+[431] × ν5/2−[532]. The same spin-parity and configuration were assigned
to the analogous band in 104Nb. π1/2+[431] × ν5/2+[413], Kπ = 3+ were assigned to the 0.66-μs isomer
and explained the M2 isomeric decay to the ground in 106Nb. The proton intruder orbital π1/2+[431] plays an
important role in shape evolution with regard to triaxial deformation in these neutron-rich Nb isotopes.
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I. INTRODUCTION

Studies of shape transitions, shape coexistence, superdefor-
mation, identical bands, and triaxiality in the A � 100 neutron-
rich nuclear region have long been of interest [1,2]. Neutron-
rich Nb (Z = 41) isotopes were found to be transitional
with regard to triaxial deformation with axially symmetric
shapes identified in Y (Z = 39) and near maximal triaxiality
in Tc (Z = 43) and Rh (Z = 45) [3–5]. With changing
neutron numbers, abrupt shape transitions from near-spherical
deformations in N � 59 to large quadrupole deformations in
N � 60 were found in neutron-rich Sr (Z = 38), Y (Z = 39),
and Zr (Z = 40) isotopes, and a gradual transition at the same
neutron numbers in Mo (Z = 42) was found.

Lying between these two regions, the studies of Nb (odd-Z,
Z = 41) isotopes, especially the odd-odd Nb isotopes, are of
significance. Strongly deformed collective bands have been
established in 101,102,103,104,105Nb [6–9]. With the identification
of the Kπ = 1+ ground-state band in the odd-odd 100Nb [10],
sudden shape transitions from spherical to large deformations
in the Nb isotopic chain were found to take place at N = 59 in
contrast to N = 60 for Sr (Z = 38), Y (Z = 39), Zr (Z = 40),
and Mo (Z = 42) isotopes. It is of interest to explore heavier

Nb isotopes with greater neutron excess along the isotopic
chain. A T1/2 of 1.02 s for the ground level of 106Nb was
reported in an early paper [11]. In a recent paper [12], a
T1/2 of 1.01 s and β-delayed neutron-emission probability
Pn of 106Nb and other nuclei with A � 110 were measured
by fragmentation of a 120-MeV/nucleon 136Xe beam on a
Be target at the National Superconducting Cyclotron coupled
cyclotrons. An isomer of 890 ± 50 ns at 204.6 keV and another
of 800 ± 50 ns at 201.8 keV were found by Genevey et al. in
an early paper [13], and in a recent paper [14], a half-life of
0.66 μs was remeasured at 204.9 keV by Kameda et al. for
106Nb. In the latter paper, microsecond isomers among fission
products from in-flight fission of 345 MeV/nucleon 238U were
searched at Rikagaku Kenkyusho, and three low-lying levels
were reported in 106Nb. However, no information for higher
spin levels in the nucleus has been reported.

This paper reports the first identification of a rotational band
in 106Nb and the extension of the previously reported band in
104Nb [8]. Projected shell model (PSM) and potential-energy
surface (PES) calculations were performed to compare with
the experimental data for 106Nb and 104Nb. Discussions will be
given below for the configurations, spin-parity assignments,
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nuclear structure, and shapes of the nuclei. The important
role played by the proton intruder orbital π1/2+[431] will
be discussed.

II. EXPERIMENT AND DATA ANALYSIS

The detection of spontaneous or induced fission γ rays with
multi-γ -detector arrays have been proved to be a powerful
method and a “gold mine” for the populations and studies
of low-to-high spin levels of neutron-rich nuclei [15]. Our
experiment was carried out in the Lawrence Berkeley National
Laboratory. Prompt γ rays emitted in the spontaneous fission
of a 62 μCi 252Cf source were detected by the Gammasphere
with 102 Compton-suppressed Ge detectors. Success in ex-
ploring very weakly populated regions has been achieved with
long runs for data accumulation (in our case, 2 weeks) and
the use of less-compressed data cubes. Over 5.7 × 1011 triple-
and higherfold coincidence events were collected, factors of
10–100 higher than earlier measurements. A less-compressed
cube with one-third less compression [16] was created and was
used in the data analysis. Recently, the data were sorted into
1.9 × 1011 fourfold and higherfold coincidence events, and
the triple-gated four-dimensional (4D) hypercube data were
analyzed and were proved to be very powerful. Some details
for data analysis can be found in our previous publications
(e.g., Ref. [8]).

Coincidence data were analyzed with the RADWARE soft-
ware package [16]. The first identification of the transitions
in 106Nb was based on cross-checking the coincidence re-
lationship with the other transitions in the nucleus, which
includes the previously reported low-lying ones [13,14], and
with those of its complementary fission partners 142,143,144La by
using both triple- (double-gated) and quadruple- (triple-gated)
coincidence data. A high-spin level scheme of the 4n fission
partner 142La also was found for the first time and will be
published in a forthcoming paper [17]. The assignments of
transitions to 106Nb also were confirmed by the measurements
of the fission-yield ratios between 106Nb and 104Nb in double-
gated spectra by changing gates among their different fission
partners by comparing the intensity ratios obtained from fission
production data [18] (see details below).

Figure 1 depicts an example of the many cross-checking
double-gated and triple-gated coincidence spectra used for data
analysis of 106Nb. Figure 2 presents an example of the many
triple-gated fourfold coincidence spectra for data analysis of
106Nb. In Fig. 1, one sees the transitions identified in 106Nb
coincident with the gates that are the 204.8- and 132.8-keV
transitions and with the transitions of its fission partners
142,143,145La. Figure 2 is similar but with triple gates at 204.8,
132.8, and 156.7 keV based on the 4D hypercube data. The
coincidence relationships shown in Figs. 1 and 2 and in all
the cross-checking spectra, especially in several triple-gated
fourfold spectra that use the powerful 4D hypercube, provide
strong evidence for the assignments of the transitions to 106Nb.
Transition energies and relative intensities shown in Table I for
106Nb were measured by using RADWARE’s gf3 least-squares
peak-fitting routing [16], and the intensities were corrected
for detection efficiencies. The energies have uncertainties of

FIG. 1. An example of double-gated triple-coincidence spectra
for the data analysis of 106Nb. All the transitions are seen to be in
coincidence with the 204.8- and 132.8-keV gates and with the strong
transitions of their fission partners.

0.1–0.3 keV, and the intensities have uncertainties from 3%
to 10%.

Based on the coincidence relationships, relative intensities
of the transitions, and level systematics in the Nb isotopic
chain, a level scheme of 106Nb was established as shown
in Fig. 3. The spin-parity and configuration assignments for
the levels of 106Nb based on PES and PSM calculations are
discussed in the following Discussion section. The rotational
band observed in 106Nb in the present paper is connected to
the ground level via the 204.8-keV isomer in contrast to the
observations of a similar rotational band in 104Nb [8] where
no linking to the ground was found. However, cross-checking
by using the 4D hypercube data resulted in the observation of
a weak 130.5-keV transition that decayed from the previously
reported bandhead of the band observed in 104Nb [8]. The
new level scheme of 104Nb is shown in Fig. 4. The spin-parity
reassignments for the levels of 104Nb based on PES and PSM

FIG. 2. An example of triple-gated quadruple-coincidence spec-
tra based on the 4D hypercube data for the data analysis of 106Nb.
In this spectrum, the gates were set at 204.8, 132.8, and 156.7 keV,
strongly supporting the identification of the level scheme of 106Nb.
Note how much cleaner the background is now.
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TABLE I. Transition energies and relative intensities of the transitions of 106Nb determined in the present paper. Energies with asterisks are
the transitions and levels reported in Refs. [13,14] but not observed in the present paper.

106Nb Spin-parity Decaying transition energies (keV) and their relative intensities Band
levels (keV) (in brackets)

108.1∗ (1+) 108.1∗

202.2 (2+) 202.2 (95.4), 94.5∗

204.8 (3+) 204.8 (100)
337.6 (2−) 132.8 (74.2) 1
470.6 (2−) 133.0 (59.8) 1
627.3 (3−) 156.7 (30.8), 289.7 (6.5) 1
815.3 (4−) 188.0 (19.4), 344.6 (14.7) 1
1040.0 (5−) 224.7 (12.8), 412.6 (10.5) 1
1274.5 (6−) 459.2 (12.6), 234.5 (4.8) 1
1589.3 (7−) 549.3 (5.3), 314.7 (2.3) 1
1838.9 (8−) 564.4 (5.4), 249.7 1
995.0 524.4 (7.5) 2

calculations also are discussed in the following Discussion
section.

Ratios of the intensity of the 188.0-keV transition of 106Nb
(see Fig. 3) to that of the 185.5-keV transition of 104Nb (see
Fig. 4) were measured in gated spectra with gates set at
425.0/569.1, 291.3/498.1, 392.3/548.8, and 472.9/238.1 keV
in 142,143,144,145La (the 4n, 3n, 2n, and 1n fission partner of
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FIG. 3. High-spin level scheme proposed for the first time in
106Nb. A rotational band, band 1, and the 133.0- and 132.8-keV
decaying-out transitions were identified in the present paper based on
our fission data. Three low-lying levels of 204.8, 202.2, and 108.1 keV
were first reported in Refs. [13,14] with no spin-parity assignments,
and two of them were confirmed in the present paper. The levels
and transitions with asterisks are those reported in Refs. [13,14] but
are not identified in the present paper. The half-lives indicated in the
figure with double asterisks were given in Ref. [13]. Configurations
and spin-parities assigned to the levels in the present paper by PSM
and PES calculations are shown in the figure; see the details in the
Discussion section.

106Nb), respectively, and these ratios were compared to those
of 106Mo to 104Mo in 142,143,144,145Ba gates (the 4n, 3n, 2n,
and 1n fission partner of 106Mo), respectively, obtained from
the fission production data reported in Ref. [18] as shown in
Fig. 5. In the figure, the similar trends in variations in the ratios
I (106Nb/104Nb) and I (106Mo/104Mo) with changing gates set
in the 4n, 3n, 2n, and 1n fission partners, respectively, provide
additional confirmation for the transition assignments to 106Nb.

In Ref. [13], a level scheme of 106Nb with three low-lying
levels of 204.6, 201.8, and 107.3 keV and four transitions
of 204.6, 201.8, 107.3, and 94.5 keV was established. Two
half-lives were reported in Ref. [13] as mentioned in the
Introduction (but an averaged half-life of 0.84 μs was shown at
the level scheme). In Ref. [14], three low-lying levels at 204.9,
202.1, and 108.1 keV and six transitions of 204.9, 202.1, 108.1,
94.7, 147.5, and 63.5 keV were reported, which confirmed the
results in Ref. [13] but gave a half-life of 0.66 μs for the
204.9-keV level. We believe that the 204.8-keV transition
assigned to 106Nb in the present paper is the 204.6-keV
transition that decays out from the 204.6-keV isomer reported
in 106Nb in Ref. [13] and the 204.9-keV transition from
the 204.9-keV isomer in Ref. [14]. The T1/2 of the isomer
reported in Refs. [13,14] did not prevent the observation of the
204.8-keV transition in our experiment since the coincidence
time window set in our experiment was �1 μs. The 201.8-keV
transition reported in Ref. [13] (202.1 keV in Ref. [14]) also
was identified in our experiment, and it was determined to be
202.2 keV (Fig. 3). In all the gated spectra with gates set in
142,143,144La, one can always see the 202.2-keV transition [17].
However, the parallel 94.5–108.1-keV sequence was not seen
in any of these gated spectra, most probably because of the
strong background and peak overlaps in the low-energy region
based on our fission data with no fission channel selection
nor efficient low energy γ and internal conversion electron
detections.

We measured the intensity ratios between the 202.2- and
the 204.8-keV transitions in the gated spectra with gates set
at 425.0/569.1 keV in the 4n fission partner 142La and on
291.3/498.1 keV in the 3n fission partner 143La, respectively.
Ratios of (95.8 ± 6.6)% and (91.1 ± 10.5)%, respectively,
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FIG. 4. New high-spin level scheme of 104Nb. By using the triple-
gated 4D hypercube data, a weak 130.5-keV transition was identified,
which decays from the previously reported bandhead [8]. In Ref. [8],
even parity was assigned to the band, and (3+) was assigned to the
bandhead. Configurations and spin-parities reassigned to the levels in
the present paper based on the PSM and PES calculations are shown
in the figure. See the details in the Discussion section. The missing
of the feeding to the ground from the (130.5 + x)-keV bandhead
and the weak transition of 130.5 keV are most likely due to the
unknown half-life of the bandhead, which may be much longer than
the coincidence time window set in the experiment. The latter may
also be due to there being different proton and neutron orbitals in the
initial and final states. The good agreement between experiment and
theory for the configuration and spin-parity assignments to the ground
and x-keV levels and the PSM-calculated yrast band built on the
ground level suggest that, most likely, the 130.5-keV transition does
not directly feed the ground. Also, see the discussions in Sec. III C.

were determined in the two gated spectra consistent with each
other within the uncertainty range, thus, providing additional
evidence that the 202.2-keV transition belongs to 106Nb.
Furthermore, in all the gated spectra with gates set at the
transitions above the 204.8-keV level in 106Nb, while the
strong 204.8-keV transition is seen, the 202.2-keV transition
is always missing. In all the gated spectra with one gate set
at 202.2 keV and the other set at a transition of a fission
partner, no transition was identified to be in coincidence
with the 202.2-keV transition by cross-checking. Shown in
Fig. 6 is a triple-gated coincidence spectrum with a gate set
at 202.2 keV and the other two set at 291.3/498.1 keV of the
fission partner 143La. Several strong transitions of 143La are
seen in the spectrum, but, by cross-checking the coincidence
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FIG. 5. (Color online) Production ratios I (106Nb)/I (104Nb) plot-
ted with changing gates set in the fission partners 142,143,144,145La. Also
shown in the figure are the ratios I (106Mo)/I (104Mo) plotted with
changing gates set in the fission partners 142,143,144,145Ba, obtained from
the fission data reported in Ref. [18]. The similar trends seen in Nb/La
pairs in comparison to Mo/Ba pairs provide additional evidence for
the assignments of the transitions to 106Nb. See the text.

relationship, no other transitions, including the ones of 106Nb,
were found to be coincident with the triple gates. All the
observations mentioned above led to the conclusion that no
cascade or transition is built on the 202.2-keV level based on
our fission data and there is no linking between the 204.8- and
the 202.2-keV levels (see Fig. 3). This conclusion supports

FIG. 6. An example of triple-gated quadruple-coincidence spec-
tra based on the 4D hypercube data for the study of the 202.2-keV
level in 106Nb. Gates were set at 202.2 (106Nb) and 291.3/498.1 keV
(143La). Arrows and the transition energies in parentheses show the
peak positions of the missing transitions of 106Nb. Several strong
transitions of 143La are seen in the spectrum, which support the
fission partnership of the 202.2-keV transition. Cross-checking the
coincidence relationship of the transitions seen in the spectrum has
found no other transitions coincident with the triple gates. The missing
of coincident transitions with the 202.2-keV one, except for those of
the fission partners, implies that the 204.8-keV level does not decay
to the 202.2-keV level, and no cascade or transitions are built at the
202.2-keV level.
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FIG. 7. (Color online) Nilsson diagram that shows the proton and neutron orbitals near the Fermi energy for the Nb fission-fragment
isotopes. Note the proton intruder orbital [431]1/2.

the two-half-lives scenario reported in Ref. [13], although the
authors showed only an averaged half-life in the level scheme,
which can be understood since the measurement conditions
were very limited based on the data reported in Ref. [13].

In order to clarify the ambiguity in half-life measurements
for the isomer(s) in 106Nb reported in Refs. [13,14], mea-
surements of the half-life of the 204.8-keV level were tried
based on our fission data set. With changing timing, variations
in the intensity ratio of the 132.8- and 204.8-keV transitions
I (132.8)/I (204.8) were determined in a gated spectrum with
gates set at the 156.7- and 188.0-keV transitions. Unfortu-
nately, we failed to achieve this goal mainly because the 204.8-,
132.8-, and 133.0-keV transitions of 106Nb have rather large
backgrounds in the gated spectra used in the present paper.
Since no transition in 106Nb was found in coincidence with
the 202.2-keV γ ray, it is not possible to measure the half-life
of the 202.2-keV level based on our method by using the data
set, and the coincidence relationship between 202.2 keV and
those of the fission partners are not sufficient.

Based on the PES and PSM theoretical calculations for
104Nb (see the details in the Discussion section), a different
shape with regard to triaxiality in comparison with that of the
ground level was suggested for the (130.5 + x)-keV level. The
(130.5 + x)-keV level is most likely an isomer with a half-life
considerably longer than the coincidence time window set
in the experiment, so no connection to the ground state was
observed. Efforts also were made to measure the half-life of
the (130.5 + x)-keV level in 104Nb. With changing timing,
variations in the intensity ratios of the 130.5- and 157.0-keV
transitions I (130.5)/I (157.0) were determined with gates set
at the 185.5- and 213.9-keV transitions. However, no reliable
results could be obtained as is also the case in 106Nb. In view
of the good agreement between the theoretical reproduction
and the experiment for the x-keV level and ground level

and of the PSM- calculated yrast band built on the ground
level, most likely, the 130.5-keV transition does not directly
feed the ground level (see the details in the Discussion
section). Furthermore, based on the spin-parity assignments,
the possible ground transition from the x-keV level would be of
M2 with considerable retardation for the transition. Although
no decay-out transitions from the band were identified to feed
the ground state in 104Nb, a band pattern very similar to that
of 106Nb is seen in 104Nb (Fig. 4).

III. THEORETICAL CALCULATIONS AND DISCUSSION

The 104,106Nb nuclei are in a region where the g9/2 proton
subshell and the h11/2 neutron subshell are beginning to fill.
This situation drives prolate spheroidal shapes. However, the
Y2,2 matrix elements that connect the Nilsson orbitals below
with those above the Fermi surface produce a tendency toward
triaxiality. This tendency will be stronger in odd-odd nuclei
than in their even neighbors because there is no pair breaking
involved in forming the triaxial states. However, we will see
that the PES calculations below show prolate spheroidal shapes
for most odd-odd nucleon orbital choices in 104,106Nb with
only a few configurations that show minima that lie between
prolate and maximum triaxials, namely, γ ∼ 15°–9°. We will
also see that an “intruder” proton orbital 1/2+[431] from the
g7/2 orbitals above the Z = 50 shell plays an important role in
104,106Nb.

To address these questions, we have undertaken new
theoretical calculations for both isotopes 104,106Nb. PSM cal-
culations [19,20] were performed to determine the excitation
energies of the levels, moments of inertia J (1) versus �ω, and
E(I ) − E(I − 1) versus spin and were compared to the experi-
mental data by assuming axially symmetric deformations from
Möller et al. [21]. To take triaxial deformations into account
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TABLE II. Various low-lying excited quasiparticle states calculated by PES for 106Nb. Configurations, shape parameters, excitations, and
the spin-parity assigned to the ground level, low-lying levels, and bandhead of the nucleus are indicated in the table. Also, see Fig. 3 and
Table IV. It should be emphasized that π1/2+[431] × ν5/2−[532] (2−) were assigned to the bandhead at the 470.6-keV level and the same
configuration and spin-parity were assigned to the (130.5 + x)-keV bandhead of the analogous band in 104Nb (see Table III). The four
configurations with excitations lower than that of π1/2+[431] × ν5/2−[532] as listed in the fifth through eighth row, respectively, in the table
were definitely excluded by the disagreement between the theoretical calculations and the experimental observations, especially based on the
PSM (see Sec. III C).

Configuration β2 γ (deg) β4 Eexc (keV) Spin-parity assigned

π 3
2

−
[301] ⊗ ν 5

2

+
[413] 0.35 15 0.000 0 (1−)

π 3
2

−
[301] ⊗ ν 5

2

−
[532] 0.33 14 −0.006 171 (1+)

π 1
2

+
[431] ⊗ ν 5

2

+
[413] 0.36 2 −0.003 203 (2+,3+)

π 3
2

−
[301] ⊗ ν 1

2

+
[411] 0.33 0 −0.005 238 (2−)

π 5
2

+
[422] ⊗ ν 5

2

+
[413] 0.33 17 0.005 319

π 1
2

+
[431] ⊗ ν 1

2

+
[411] 0.36 2 −0.004 330

π 5
2

+
[422] ⊗ ν 5

2

−
[532] 0.32 19 0.000 423

π 5
2

−
[303] ⊗ ν 5

2

+
[413] 0.32 7 0.000 473

π 1
2

+
[431] ⊗ ν 5

2

−
[532] 0.35 2 −0.005 506 (2−)

π 5
2

+
[422] ⊗ ν 1

2

+
[411] 0.32 0 0.000 597

π 5
2

−
[303] ⊗ ν 5

2

−
[532] 0.31 9 −0.003 598

π 5
2

−
[303] ⊗ ν 1

2

+
[411] 0.32 0 −0.003 619

π 3
2

−
[301] ⊗ ν 3

2

+
[411] 0.35 8 −0.001 668

π 1
2

+
[431] ⊗ ν 3

2

+
[411] 0.36 2 0.000 695

π 1
2

+
[431] ⊗ ν 1

2

−
[541] 0.39 −2 0.013 764

π 5
2

+
[422] ⊗ ν 3

2

+
[411] 0.35 −7 0.004 986

π 3
2

−
[301] ⊗ ν 1

2

−
[541] 0.36 9 0.010 1022

π 5
2

−
[303] ⊗ ν 3

2

+
[411] 0.32 6 0.001 1077

π 5
2

+
[422] ⊗ ν 1

2

−
[541] 0.35 2 0.017 1360

π 5
2

−
[303] ⊗ ν 1

2

−
[541] 0.35 −7 0.012 1508

π 1
2

−
[301] ⊗ ν 5

2

+
[413] 0.32 0 −0.003 1573

π 1
2

−
[301] ⊗ ν 1

2

+
[411] 0.32 0 −0.004 1645

π 1
2

−
[301] ⊗ ν 5

2

−
[532] 0.31 0 −0.005 1704

π 1
2

−
[301] ⊗ ν 3

2

+
[411] 0.33 0 0.000 2121

π 1
2

−
[301] ⊗ ν 1

2

−
[541] 0.34 1 0.016 2593

in these Nb isotopes, PES calculations also were performed to
provide contour maps of the potential energies for the ground
and low-lying states, which included triaxial shapes. We aimed
to find interpretations for both 104,106Nb for their ground states,
low-lying excited levels, bandheads, and band evolution of the
bands observed in 104,106Nb. The explanations for the isomers
and bandheads in both isotopes are of great interest.

Figure 7 shows the Nilsson orbitals for a proton and neutron
near the Fermi energy in the Nb isotopes. For example, in
the PSM calculation, some of the proton and neutron Nilsson
orbitals that fall in the rectangles in Fig. 7 are most relevant to
the discussions.

A. Model descriptions

In the PSM calculations, the quadrupole and hexadecapole
deformations ε2 = 0.342 and ε4 = 0.053 suggested in Ref. [21]
were adopted and then were slightly adjusted to reproduce

the experimental data of 106Nb. A similar treatment was
performed for 104Nb. As for the model parameters described in
Ref. [19], the monopole-pairing strength is taken to be GM =
[G1 ± G2(N − Z)A]/A for protons and neutrons with G1 =
20.25 and G2 = 16.20 as the coupling constants and “+” for
protons and “−” for neutrons. This choice of GM is appropriate
for the single-particle space employed in the PSM where three
major shells are used for each type of nucleon (N = 3–5 for
neutrons and N = 2–4 for protons). The quadrupole-pairing
strength GQ is assumed to be proportional to GM with the pro-
portionality constant fixed at 0.16. These interaction strengths
are consistent with those used previously for the same mass
region [22].

In the configuration-constrained PES calculations [23,24],
the single-particle levels are given by the nonaxially deformed
Woods-Saxon potential with the universal parameter [25]. To
avoid the possible collapse of pairing in the BCS approach,
we use the Lipkin-Nogami (LN) treatment of pairing [26] with
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TABLE III. Various low-lying excited quasiparticle states calculated by PES for 104Nb. Configurations, shape parameters, excitations, and
the spin-parity assigned to the ground level, low-lying level, and bandhead of the nucleus are indicated in the table. Also, see Fig. 4 and
Table IV.

Configuration β2 γ (deg) β4 Eexc (keV) Spin-parity assigned

π 3
2

−
[301] ⊗ ν 5

2

−
[532] 0.34 9 0.009 0 (1+)

π 3
2

−
[301] ⊗ ν 3

2

+
[411] 0.34 1 0.013 111 (3−)

π 1
2

+
[431] ⊗ ν 5

2

−
[532] 0.35 2 0.011 114 (2−)

π 1
2

+
[431] ⊗ ν 3

2

+
[411] 0.36 2 0.013 170

π 3
2

−
[301] ⊗ ν 5

2

+
[413] 0.33 13 0.005 197

π 5
2

+
[422] ⊗ ν 5

2

−
[532] 0.32 14 0.015 300

π 5
2

−
[303] ⊗ ν 5

2

−
[532] 0.32 7 0.015 421

π 5
2

+
[422] ⊗ ν 5

2

+
[413] 0.32 16 0.008 425

π 5
2

+
[422] ⊗ ν 3

2

+
[411] 0.34 0 0.022 425

π 3
2

−
[301] ⊗ ν 1

2

+
[411] 0.33 0 0.007 545

π 5
2

−
[303] ⊗ ν 3

2

+
[411] 0.32 6 0.018 583

π 1
2

+
[431] ⊗ ν 5

2

+
[413] 0.31 10 0.011 599

π 5
2

−
[303] ⊗ ν 5

2

+
[413] 0.31 10 0.011 599

π 3
2

−
[301] ⊗ ν 3

2

−
[541] 0.32 15 −0.004 633

π 1
2

+
[431] ⊗ ν 1

2

+
[411] 0.35 1 0.009 712

π 5
2

+
[422] ⊗ ν 3

2

−
[541] 0.31 17 0.001 782

π 5
2

+
[422] ⊗ ν 1

2

+
[411] 0.31 0 0.014 862

π 5
2

−
[303] ⊗ ν 1

2

+
[411] 0.31 0 0.011 936

π 5
2

−
[303] ⊗ ν 3

2

−
[541] 0.29 12 0.002 1013

π 1
2

+
[431] ⊗ ν 1

2

−
[541] 0.39 −2 0.022 1043

π 1
2

+
[431] ⊗ ν 3

2

−
[541] 0.35 2 0 1175

π 3
2

−
[301] ⊗ ν 1

2

−
[541] 0.35 0 0.026 1358

π 1
2

−
[301] ⊗ ν 5

2

−
[532] 0.32 0 0.014 1437

π 1
2

−
[301] ⊗ ν 3

2

+
[411] 0.33 0 0.018 1558

π 5
2

+
[422] ⊗ ν 1

2

−
[541] 0.35 0 0.038 1584

π 1
2

−
[301] ⊗ ν 5

2

+
[413] 0.31 0 0.009 1765

π 5
2

−
[303] ⊗ ν 1

2

−
[541] 0.34 0 0.033 1870

π 1
2

−
[301] ⊗ ν 1

2

+
[411] 0.31 0 0.01 1916

π 1
2

−
[301] ⊗ ν 3

2

−
[541] 0.3 0 0.001 2154

π 1
2

−
[301] ⊗ ν 1

2

−
[541] 0.34 0 0.032 2807

pairing strength G determined by the average-gap method [27].
The configuration energy in the LN method can be written as

ELN =
s∑

j=1

ekj
+ 2

∑

k �=kj

V 2
k ek − �2

G
− G

∑

k �=kj

V 4
k

+G
N − S

2
− 4λ2

∑

k �=kj

(UkVk)2,

where S is the proton or neutron seniority for the given
configuration (i.e., the number of blocked orbits with in-
dex kj ) and N is the neutron or proton number. The orbits
with index kj should adiabatically be blocked with varying
deformations in the (β2,γ,β4) lattice. This has been achieved
by calculating and tracking the average Nilsson quantum
numbers of orbits involved in the given configuration. The

total energy of a state consists of a macroscopic part, which
is obtained from the standard liquid-drop model [28], and a
microscopic part given by the Strutinsky shell correction [29]
δshell = ELN − Estrut. The energy, deformation, and pairing
properties of a multiquasiparticle state are determined from
the minimum of the configuration-constrained PES. In the
model, the excitation energy, which can be compared with
experimental data, is defined by the difference between the
minima of the multiquasiparticle and the ground-state PESs.

B. Configuration and spin-parity assignments for the ground,
low-lying levels, and bandheads in 104,106Nb

Tables II and III show the excitations and shape parameters
for various low excited quasiparticle states calculated by
PES for 106Nb and 104Nb, respectively, based on various
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configurations near the Fermi energy. Spin-parity assigned to
the levels also are indicated in the tables. For 106Nb, we assign
a configuration π3/2−[301] × ν5/2+[413] and spin-parity of
(1−) to the ground level, which has Eexc = 0 keV, γ = 15°,
β2 = 0.35, β4 = 0.000 (see Table II). The 108.1-keV level
was assigned as (1+) with a configuration π3/2−[301] ×
ν5/2−[532] in which only a neutron excitation from the
ground level is involved. Based on the PES calculations, this
configuration has Eexc = 171 keV (the second lowest) and
γ = 14°, β2 = 0.33, β4 = −0.006 (Table II), a similar shape
to that of the ground level. Then a proton excitation from the
ground level is assumed to reproduce the 204.8-keV isomer,
with the proton being excited from π3/2−[301] to the intruder
orbital π1/2+[431] with the neutron orbital unchanged, that
is, π1/2+[431] × ν5/2+[413], Eexc = 203 keV, γ = 2°, β2 =
0.36, β4 =−0.003, to well reproduce the 204.8- and 202.2-keV
levels. With the above configuration assignments, (3+) and
(2+) were assigned to the 204.8- and 202.2-keV levels,
respectively (Table II). The theoretical excitation energy,
203 keV (the third lowest in the calculations), is in good
agreement with the experimental values. The occupation of
the intruder proton orbital π1/2+[431] leads to a big shape
change in triaxiality parameter γ from 15° in the ground level
to nearly a pure prolate spheroid in the 204.8-keV level and
retardation for the 204.8-keV M2 transition. The 202.2-keV
level may also undergo a dramatic change in deformation
(from γ = 2° to γ = 15°) due to the intruder driving,
which retards the decay of the 202.2-keV level. Based on
the configuration assignments, the retardation of the 94.5-keV
M1/E2 transition out of the 202.2-keV level might also be
attributed to different shapes with regard to triaxiality (from
γ = 2° to γ = 14°), and there are different proton and neutron
orbitals in the initial and final states. The remarkably close
half-lives and energies of the 204.8- and 202.2-keV levels
in 106Nb can be interpreted by the following arguments: The
same configuration was assigned to them, but one adds and the
other subtracts proton and neutron projections. In this odd-odd
nucleus, the np force between unpaired nucleons causes a
split, often obeying the Gallagher-Moszkowski rule that the
triplet-spin combination of proton and neutron spins be lower
in energy than the singlet spin as in the deuteron. However,

the proton intruder 1/2+[431] and neutron 5/2+[413] orbitals
have different slopes by setting the former (proton) around
the polar regions and the latter (neutron) around the equatorial
region. Thus, the short-ranged np force would only have a
small effect.

Going up from the 204.8-keV level, (2−) is assigned
to the 337.6-keV level with a configuration π3/2−[301] ×
ν1/2+[411], which was produced by neutron excitation from
the ν5/2+[413] (ground level) to ν1/2+[411] with the proton
orbital π3/2−[301] unchanged. The PES theoretical excitation
and shape parameters based on the configuration are Eexc =
238 keV (the fourth lowest), γ = 0°, β2 = 0.33, β4 = −0.005
(Table II). Reasonable agreement with the experimental
excitation is achieved, which reveals an axially symmetric
shape for the 337.6-keV level. Furthermore, going up from the
337.6-keV level, π1/2+[431] × ν5/2−[532], (2−) are as-
signed to the 470.6-keV level, the bandhead of band 1 observed
in 106Nb, with (3−) definitely excluded by PSM calculations
as discussed below (with regard to the identification of the
bandhead, see more arguments given by PSM calculations
in the later subsections). The configuration π1/2+[431] ×
ν5/2−[532] is produced by neutron excitation from the
ν5/2+[413] (the 204.8-keV level) to ν5/2−[532] with the
proton intruder orbital π1/2+[431] unchanged. The PES
theoretical excitation and shape parameters based on the con-
figuration are Eexc = 506 keV, γ = 2°, β2 = 0.35, β4 = −0.005
(Table II). Good agreement with the experimental excitation
is achieved, which reveals a nearly axially symmetric shape
of the 470.6-keV bandhead and justifies our use of PSM
calculations for the energy levels and moments of inertia
of the band of 106Nb (see below). As a matter of fact, although
the PSM calculations for the odd-odd nucleus could not
take the triaxial deformations into account, the calculations
suggested the same configuration and spin-parity assignments
to the ground state as given by PES calculations (see Table IV).
Based on the PSM calculations, the same configuration and
spin-parity as given by our PES calculations also were assigned
to the 470.6-keV bandhead in 106Nb, although the PSM
calculated a higher excitation for the bandhead. In Table IV, we
compare our PES and PSM calculations for the ground level
and bandhead of 106Nb. The calculations for the other three

TABLE IV. Comparison of the PES and PSM calculations for the ground level, low-lying levels, and bandheads of 104,106Nb. Theoretical
excitations EPES by PES and EPSM by PSM (in MeV), configurations, shape parameters, and spin-parity assigned for the levels are indicated in
the table. Experimental excitation energies Eexp (in MeV) also are shown in the table.

Nucleus Eexp EPES EPSM Spin-parity Configuration Shape (PES) Shape (PSM)

106Nb 0 0 0 (1−) π 3
2

−
[301] ⊗ ν 5

2

+
[413] β2 = 0.35, γ = 15◦, β4 = 0.000 β2 = 0.417, β4 = 0.079

0.1081 0.171 (1+) π 3
2

−
[301] ⊗ ν 5

2

−
[532] β2 = 0.33, γ = 14◦, β4 = −0.006

0.2022 0.203 (2+) π 1
2

+
[431] ⊗ ν 5

2

+
[413] β2 = 0.36, γ = 2◦, β4 = −0.003

0.2048 0.203 (3+) π 1
2

+
[431] ⊗ ν 5

2

+
[413] β2 = 0.36, γ = 2◦, β4 = −0.003

0.3376 0.238 (2−) π 3
2

−
[301] ⊗ ν 1

2

+
[411] β2 = 0.33, γ = 0◦, β4 = −0.005

0.4706 0.506 0.660 (2−) π 1
2

+
[431] ⊗ ν 5

2

−
[532] β2 = 0.35, γ = 2◦, β4 = −0.005 β2 = 0.417, β4 = 0.079

104Nb 0 0 0 (1+) π 3
2

−
[301] ⊗ ν 5

2

−
[532] β2 = 0.34, γ = 9◦, β4 = 0.009 β2 = 0.402, β4 = 0.035

x 0.111 (3−) π 3
2

−
[301] ⊗ ν 3

2

+
[411] β2 = 0.34, γ = 1◦, β4 = 0.013

0.1305 + x 0.114 0.444 (2−) π 1
2

+
[431] ∗ ⊗ν 5

2

−
[532] β2 = 0.35, γ = 2◦, β4 = 0.011 β2 = 0.402, β4 = 0.035
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levels also are indicated in the table. It should be pointed out
that, although good agreement with experiment was achieved
for the above-mentioned theoretical calculations, a puzzle
remains unexplained about why the 337.6-keV (2−) level
would decay by E1 to the 204.8-keV (3+) level but not by E1
to the 202.2-keV (2+) level in view of the fact that the same
configuration was assigned to the latter two levels. Since low-
energy E1 transitions are always orders of magnitude weaker
than Weisskopf single-proton reference lifetimes, the different
retardations are not unreasonable. However, further experi-
mental and theoretical work is needed to shed light upon
this puzzle. In addition to the studies of configuration and
spin-parity assignments to the bandhead in the isotope, we
would also like to answer the question of why the feeding
is observed predominantly for the more prolate bands with
a bandhead at 470.6 keV and for the 204.8- and 202.2-keV
levels. Why there are no observed higher-energy members of
the latter two states, the microsecond isomeric states, is also
a mystery. The feeding preference might be a consequence
of the scission process in favoring the more prolate-deformed
bands, which match a more stretched prescission shape.

For 104Nb, we assign a configuration π3/2−[301] ×
ν5/2−[532] (1+) to the ground level, which is calculated to
have zero excitations and γ = 9°, β2 = 0.34, β4 = 0.009
(see Table III). In comparison to that of the ground level of
106Nb, one can see that only a different neutron orbital is
involved, along with a similar β2 and a slightly smaller triaxial
deformation. Whereas, the proton is excited to the intruder or-
bital π1/2+[431], a configuration π1/2+[431]× ν5/2−[532]
is formed in 104Nb, which is the same configuration as that
assigned to the bandhead of band 1 in 106Nb as mentioned
above. However, most likely because only proton excitation is
involved in the case of 104Nb, in contrast to both the proton and
the neutron excitations involved to form the same configuration
in 106Nb, the configuration π1/2+[431] × ν5/2−[532] is
calculated to occur at an excitation as low as 114 keV in 104Nb
(and γ = 2°, β2 = 0.35, β4 = 0.011). Thus, the π1/2+[431]×
ν5/2+[413], which results in the (3+) for the 204.8-keV isomer
of 106Nb, is now bypassed since it is calculated to occur at an
excitation as high as 599 keV in 104Nb, most probably because
both proton and neutron excitations are involved in 104Nb in
contrast to the only proton excitation involved to form the
same configuration in 106Nb. The theoretical estimates above
may explain the absence of the (3+) and (2+) levels in 104Nb.
The π1/2+[431]× ν5/2−[532] and (2−) are, thus, assigned to
the (130.5 + x)-keV level, the bandhead of the band in 104Nb.
Assignment of (3−) to the bandhead is definitely excluded by
PSM calculations as discussed in the following subsection.
Although the π1/2+[431] and ν5/2+[413] excitations from
the ground level that forms the (3+) and (2+) levels were
bypassed in 104Nb, the ν3/2+[411] excitation from the ground
level is calculated by PES to occur at an excitation as low as 111
keV (the second lowest in excitations in the PES calculations)
in the nucleus. π3/2−[301] × ν3/2+[411] (3−) is, thus,
assigned to the x-keV level of 104Nb. The PES theoretical
shape parameters based on the configuration are γ = 1°,
β2 = 0.34, β4 = 0.013, a nearly axially symmetric shape.
As mentioned in the previous section, the (130.5 + x)-keV
level, the bandhead of 104Nb, is most probably an isomer

with a half-life considerably longer than the coincidence time
window set in the experiment. The 130.5-keV transition that
decays out of the (130.5 + x)-keV level and feeds the x-keV
one with very low intensity is most probably due to both the
long half-life of the (130.5 + x)-keV level in comparison to
the experimental time window and the possible retardation
caused by there being different proton and neutron orbitals
in the initial and final states, although the initial and final
states have similar shapes. In view of the above-mentioned
spin-parity and configuration assignments for the ground level
(1+), the x-keV level (3−), and the good agreement between
the experiment and the theory, we feel it reasonable to assume
that the 130.5-keV transition does not directly feed the ground
level. The (1+) yrast band built on the ground level calculated
by PSM shown in the next subsection may provide further
support for this assumption. The M2 character of the possible
transition from the x-keV level that feeds the ground would
further retard the transition and would make it unobservable
in the experiments to date. As in the case of 106Nb, the PSM
and PES calculations resulted in the same configuration and
spin-parity assignments to the ground level and bandhead of
the rotational band in 104Nb (see Table IV). The PES calculated
a nearly axially symmetric shape for the bandhead, which again
justifies our use of PSM calculations for the energy levels and
moments of inertia of the band of 104Nb (see below).

The above-mentioned interpretations and assignments were
made not only based on the agreement between the theory
and the experiment with regard to excitation energies and the
explanations for the isomers, but also were supported by the
following arguments: The same proton orbital π3/2−[301] is
involved in the configuration of the ground level in 104Nb and
106Nb with only different neutron orbitals in the two isotopes.
The (1+) assignment for the ground level of 104Nb is in agree-
ment with that given in the previous studies. The same config-
uration π1/2+[431] × ν5/2−[532] and spin-parity (2−) were
assigned to the bandheads of the analogous bands in 106Nb
and 104Nb. The proton excitation and the occupation of the
proton intruder orbital π1/2+[431] causes a change in triaxial
deformation and retardation for the M2 transition, the isomeric
decay from the 204.8-keV (3+) level of 106Nb, and similar
changes in triaxial deformation of the bandheads compared to
those in the ground levels also were calculated in 104,106Nb.

It is interesting to note that, in 104,106Nb, none of the con-
figurations have a minimum energy near maximum triaxiality
of 30°, but rather show minima near 15°. This feature may
be a characteristic of the high-j proton and neutrons just
beginning to fill, whereas, the half-filled shells would favor
near-maximum triaxiality.

C. The energy levels, moments of inertia J (1) versus �ω,
and E(I) −E(I − 1) versus spin of the rotational band

observed in 104,106Nb

The PSM calculations that reproduced level energies,
moments of inertia J (1), and E(I ) −E(I − 1) of the bands
in 104,106Nb provided further evidence for the assignments to
the bands. The best comparisons between the PSM and the
experimental data for the chosen theoretical configurations
are given in Figs. 8–13. The spin-parity Kπ = 2− and
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FIG. 8. Calculated energy levels for the band in 106Nb by
PSM based on Kπ = 2−, π1/2+[431] × ν5/2−[532], Kπ = 3−,
π1/2+[431]× ν5/2−[532], and comparison with the data. The yrast
band built on the ground level with Kπ = 1−, yrast π3/2−[301] ×
ν5/2+[413] also was calculated. The best match for the band observed
in 106Nb was achieved by the PSM calculations with the assignment
of Kπ = 2− to the bandhead.

configuration π1/2+[431] × ν5/2−[532] well reproduce all
the Eexc of the levels, moments of inertia J (1) versus �ω,
and E(I ) − E(I − 1) versus spin for the bands in 104,106Nb,
which is in good agreement with the assignments to the
bandheads by the PES calculations discussed above. It is worth
mentioning that obvious disagreements were seen between the
experimental data of 106Nb and the PSM calculations based
on the four configurations with excitations lower than that of
π1/2+[431]× ν5/2−[532] as listed in the fifth through eighth
row, respectively, in Table II.

Figure 8 indicates the calculated energy levels of 106Nb
for Kπ = 1−, yrast π3/2−[301] × ν5/2+[413]; Kπ = 2−,
π1/2+[431] × ν5/2−[532], and Kπ = 3−, π1/2+[431] ×
ν5/2−[532], respectively, and makes a comparison with the
experimental data. As can be seen in Fig. 8, the observed
band built on the bandhead, the 470.6-keV level in 106Nb, was
best reproduced by Kπ = 2−, π1/2+[431] × ν5/2−[532],
the same as assigned to the bandhead by the PES calculations
(see Table II). Although no experimental yrast band built on
the ground level was observed and was compared with the
theoretical Kπ = 1−, yrast π3/2−[301] × ν5/2+[413] band,
the assignment of Kπ = 1−, π3/2−[301] × ν5/2+[413] to
the ground level is consistent with that given by the PES
calculations. The same is shown in Fig. 9 for 104Nb, but the
theoretical level spacing and level pattern, instead of level
energies, are compared with the experimental data since the
experimental excitation of the bandhead was not determined in
104Nb. In Fig. 9, it can be seen that the best fit for the band built
on the bandhead, the (130.5 + x)-keV level observed in 104Nb,
is achieved by calculations based on Kπ = 2−, π1/2+[431]×
ν5/2−[532], the same as given by the PES calculations (see
Table III), and the same as assigned to the analogous band in
106Nb (see Fig. 8 and Tables II and III). In Fig. 9, the theoretical
Kπ = 1+, yrast π3/2−[301] × ν5/2−[532] band also was
calculated for 104Nb, which may have provided additional
evidence that, most unlikely, the 130.5-keV transition directly
feeds the ground level. The predicted Kπ = 1+ band built on
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FIG. 9. Calculated energy levels for the band in 104Nb by
PSM based on Kπ = 2−, π1/2+[431] × ν5/2−[532], Kπ = 3−,
π1/2+[431] × ν5/2−[532], and comparison with the data. The yrast
band built on the ground level with Kπ = 1+, yrast π3/2−[301] ×
ν5/2−[532] also was calculated. The best match for the band observed
in 104Nb was achieved by the PSM calculations with the assignment
of Kπ = 2− to the bandhead.

the ground level has considerably different level spacings and
level patterns in comparison with those of the band observed.

Shown in Figs. 10 and 11 are the theoretical moments
of inertia J (1) versus �ω for the bands in 106Nb and 104Nb,
respectively, in comparison with the experimental data. Cal-
culations for Kπ = 2− and Kπ = 3− with configuration
π1/2+[431] × ν5/2−[532] are shown in (a) and (b) of the
two figures, respectively. In Figs. 10 and 11, one can see that
only the fit with Kπ = 2−, π1/2+[431] × ν5/2−[532] can
reproduce the experimental J (1) well. Very large disagreement
between theory and experiment is seen for calculations with
Kπ = 3−, π1/2+[431] × ν5/2−[532], so assignments of
Kπ = 3− to the bandheads are definitely excluded. The
theoretical E(I ) − E(I − 1) versus spin curves based on
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FIG. 10. (Color online) The theoretical moments of inertia J (1)

versus �ω calculated for 106Nb by PSM based on (a) Kπ = 2−,
π1/2+[431] × ν5/2−[532] and (b) Kπ = 3−, π1/2+[431] ×
ν5/2−[532] in comparison with the data. It is necessary to emphasize
that the same experimental data are plotted in (a) and (b), just with
different assumed bandhead spins. Although J (1) versus �ω of the
band observed in 106Nb was well reproduced by the PSM calculations
with Kπ = 2−, very large disagreement is seen for the assignment of
Kπ = 3−.
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FIG. 11. (Color online) The theoretical moments of inertia J (1)

versus �ω calculated for 104Nb by PSM based on (a) Kπ = 2−,
π1/2+[431] × ν5/2−[532] and (b) Kπ = 3−, π1/2+[431] ×
ν5/2−[532] in comparison with the data. It is necessary to emphasize
that the same experimental data are plotted in (a) and (b), just with
different assumed bandhead spins. Although J (1) versus �ω of the
band observed in 104Nb was well reproduced by the PSM calculations
with Kπ = 2−, very large disagreement is seen for the assignment of
Kπ = 3−.

the configuration π1/2+[431] × ν5/2−[532], Kπ = 2−
and Kπ = 3− are compared to the experimental data in
Figs. 12 and 13 for the bands of 106Nb and 104Nb, respectively.
Calculations for Kπ = 2− and Kπ = 3− with configuration
π1/2+[431]× ν5/2−[532] are shown in (a) and (b) of the two
figures, respectively. Again, one can see that, with the same
configuration π1/2+[431] × ν5/2−[532], good matching is
achieved for the Kπ = 2− assignment to the bandheads of
104,106Nb, and considerable discrepancies of theoretical E(I )
− E(I − 1) versus spin from the experimental data are
seen for a Kπ = 3− assignment to the bandheads. The very
good agreements between theory and experiment shown in
Figs. 8–13 strongly support the assignments of configuration
and spin-parity π1/2+[431] × ν5/2−[532], Kπ = 2− to the
bandheads of 106Nb and 104Nb.
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FIG. 12. (Color online) Theoretical E(I ) −E(I − 1) versus spin
curves calculated for 106Nb by PSM based on (a) Kπ = 2−,
π1/2+[431] × ν5/2−[532] and (b) Kπ = 3−, π1/2+[431] ×
ν5/2−[532] in comparison with the data. It is necessary to emphasize
that the same experimental data are plotted in (a) and (b), just with
different assumed bandhead spins. Again, good matching is seen for
the assignment of Kπ = 2− to the bandhead of 106Nb.

The PES and PSM calculations provided valuable infor-
mation that concerned configurations, spin-parity, shapes,
and interpretations for the decay properties of the bands
of 104,106Nb and confirmed the spin-parity assignments as
indicated in Figs. 3 and 4. It should be noted that reassignments
of spin-parity were performed in the present paper for the
level scheme of 104Nb (Fig. 4). In Ref. [8], even parity was
tentatively assigned to the band, and (3+) was assigned to the
bandhead in 104Nb. As mentioned above, the lack of ground
feeding from the (130.5 + x)-keV level and its very weak
130.5-keV decaying transition in 104Nb can be explained by a
long enough half-life that prevents experimental observations
for them in various studies to date; the latter may also be due
to the changes in both proton and neutron orbitals in the initial
and final states. The M2 character can be a further reason
for the missing of the ground feeding from the very weakly
populated x-keV (3−) level of 104Nb.

Shown in Fig. 14 is the experimental E(I ) − E(I − 1)
versus spin and in Fig. 15, the moments of inertia J (1) versus
�ω, respectively, for the analogous bands in 102,104,106Nb. An
overall similarity is seen in Figs. 14 and 15 from low to
medium spins, which supports not only the establishment
of level schemes, but also the configuration and spin-parity
assignments by PES and PSM model calculations. The level
systematics and similarities shown in Figs. 14 and 15 support
the assignments based on PES and PSM calculations for
104,106Nb, and it can, thus, be understood that the same config-
uration and spin-parity were assigned to the band in 104,106Nb
by both PES and PSM calculations. However, at higher
spin-rotational frequency regions, one can see irregularities
and discrepancies that occur in the bands of 104,106Nb (Figs. 14
and 15). And one can see differences in J (1) that develop with
changing neutron numbers in Fig. 15. Although the bands are
not extended high enough to reveal band crossings, we hoped
to make total Routhian surface (TRS) calculations to study
the band evolution with increasing rotational frequencies, but,
however, since the intruder orbital was found to be involved
in the bandheads of the Nb isotopes, the TRS calculation with
the available code would not be convergent.
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FIG. 13. (Color online) Theoretical E(I ) −E(I − 1) versus spin
curves calculated for 104Nb by PSM based on (a) Kπ = 2−,
π1/2+[431] × ν5/2−[532] and (b) Kπ = 3−, π1/2+[431] ×
ν5/2−[532] in comparison with the data. It is necessary to emphasize
that the same experimental data are plotted in (a) and (b), just with
different assumed bandhead spins. Again, good matching is seen for
the assignment of Kπ = 2− to the bandhead of 104Nb.
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FIG. 14. (Color online) Experimental E(I ) −E(I − 1) versus
spin of the analogous bands in 102,104,106Nb. An overall similarity in
low to medium spins can be seen in 102,104,106Nb. See the text for
discussions.

Very recently, based on our 4D hypercube data and PES
and triaxial projected shell model calculations, Li et al. [30]
reinvestigated the level scheme of 105Nb, the neighboring
odd-even isotopes of 104,106Nb. The previously reported yrast
band [5] was confirmed and was assigned as Kπ = 5/2+,
π5/2+[422], γ = 12.3°, β2 = 0.339, β4 = 0.007. This
proton orbital probably couples with the odd neutron to form
higher-energy bands (see Tables II and III) above those shown
in our level schemes, and these bands are too weakly populated
to observe in our odd-odd studies.

IV. SUMMARY

The first observation of a rotational band in very neutron-
rich 106Nb and the extension of a similar band previously
reported in 104Nb were achieved by means of γ -γ -γ and
γ -γ -γ -γ measurements of prompt fission γ rays from 252Cf.
Based on our high-statistics data, the identification of the
band in 106Nb was made by the coincidence of the band
with fission partners and the previously reported low-lying
transitions, which were observed in both double- and triple-
gated spectra in the present paper. The measurements of fission
yield ratios between 106Nb and 104Nb in double-gated spectra
with changing gates set in their different fission partners
provided additional evidence for the band assignment. PES
and PSM calculations have successfully reproduced the newly
proposed level scheme of 106Nb and the extended one of
104Nb. For these nuclei with large quadrupole deformations,
the occupation of the proton intruder orbital π1/2+[431] helps
to explain the isomeric decay and reveals a shape evolution
from partially triaxial deformation at ground level to nearly
axially symmetric shapes in isomeric states and bandheads of
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FIG. 15. (Color online) Experimental J (1) plotted against rota-
tional frequencies �ω for the analogous bands in 102,104,106Nb. Similar
J (1) and evolving differences with changing neutron numbers can be
seen in the figure. See the text for discussions.

both Nb isotopes. Good fits for the rotational bands observed in
104,106Nb were achieved by PSM calculations based on Kπ =
2−, π1/2+[431] × ν5/2−[532], which are consistent with
the assignments to the bandheads by the PES calculations,
which again show the role played by the proton intruder
orbital π1/2+[431]. A puzzle remains in 106Nb, that is why
the 337.6-keV (2−) level decays by E1 to the 204.8-keV
(3+) level but not by E1 to the 202.2-keV (2+) level.
Further experimental and theoretical studies are needed to
shed light upon the 204.8- and 202.2-keV levels with so similar
excitations and half-lives. Further experimental and theoretical
studies may also be needed for the decay out of the bandhead
of 104Nb.
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