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Band crossings in 166Ta
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High-spin states in the odd-odd nucleus 166Ta are investigated through the 5n channel of the 51V + 120Sn
reaction. Four new bands are observed and linked into the previous level scheme. Configurations for the bands
are proposed, based on measured alignments and B(M1)/B(E2) transition strength ratios.
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In a recent experiment that focused on the exotic wobbling
phenomenon in 167Ta [1], a significant amount of new data
for the odd-odd nucleus 166Ta was obtained as a by-product
of the reaction. This Brief Report discusses the five rotational
sequences now established in 166Ta and proposes configura-
tions for each of the bands. The investigation of this nucleus
coincides with our recent work on heavier odd-odd tantalum
nuclei: 170Ta [2] and 168Ta [3].

The 120Sn(51V,5n) reaction channel was used to populate
the high-spin states in 166Ta. The ATLAS facility at Argonne
National Laboratory provided a 235-MeV 51V beam, and
Gammasphere [4] detected the radiation with 101 Compton-
suppressed germanium detectors. Two stacked, self-supporting
120Sn targets with thicknesses of 500 µg/cm2 were placed in
the middle of Gammasphere. Approximately 2 × 109 fourfold
or greater coincidence events were recorded and sorted into a
Blue database [5]. Radware [6] cubes and hypercubes were
constructed from this database, and an angular-correlation
analysis was also performed that is identical to that described
in Ref. [2].

Only two studies previously reported excited states in 166Ta.
Hild et al. [7] investigated the feeding of 166Ta levels from
electron-capture decay of 166W. A (2)+ spin-parity assignment
was proposed for the ground state, and four low-spin levels
were identified. Zheng et al. [8] more recently observed a
single rotational band that was assigned to 166Ta based on
x-γ coincidences and on an excitation function. This structure
is presented in the level scheme of Fig. 1 as band 1. The
tentative spin assignments proposed in Ref. [8] were based
upon systematics and were adopted here as well.
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Band 1 has been extended from I = 24 to 42 as seen in
the level scheme (Fig. 1) and the spectra given in Fig. 2(a).
Although Ref. [8] suggested that the 148-keV line decaying
from the 11− state is an in-band E2 transition, our normalized
angular-correlation ratio of 0.63(6) is consistent with the
transition being dipole (�I = 1) in nature. Thus, the 148-keV
γ ray presumably feeds an I = 10 level, as drawn in Fig. 1.
The odd parity for band 1 was assigned in Ref. [8] based
upon the proposed configuration of πh11/2νi13/2. Because both
of these orbitals lie near the Fermi surface, it is logical that
they would couple to form the yrast sequence in 166Ta. The
alignment behavior of band 1, displayed in Fig. 3(a), is also
in agreement with this assignment. When Harris parameters
of J0 = 20 h̄2/MeV and J1 = 40 h̄4/MeV3 are applied, the
initial alignment of band 1 is approximately 7.5 h̄. The h11/2

quasiproton and i13/2 quasineutron are associated with 1.6
and 6.0 h̄ initial alignments, respectively, consistent with the
alignment for band 1.

The crossing frequency of ∼0.33 MeV, and the alignment
gain of ∼8 h̄, in band 1 tracks those observed in the
νi13/2 structure in 165Hf [9] and the πh11/2νi13/2 bands of
168,170Ta [2,3]. This crossing is typically referred to as the
BC alignment, where the second and third lowest i13/2

quasineutrons align. The observation of the BC crossing
in band 1 confirms the presence of the i13/2 quasineutron,
and the nature of the quasiproton can be determined by
inspection of the B(M1)/B(E2) ratios. Figure 4(a) displays
the experimental ratios for band 1 extracted from the measured
branching ratios. Theoretical calculations based upon the
B(M1) estimates from the geometrical model [10] and the
rotational form of the B(E2) strengths [11] were performed
and compared to the experimental values in Fig. 4. Parameters
used for the calculation of the B(M1) strengths are given
in Table I, along with gR = Z/A = 0.44, and a quadrupole
moment of 5.3 e b [12] for the B(E2) calculations. There
is good agreement with the data assuming the πh11/2νi13/2
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FIG. 1. Level scheme of 166Ta. All spins and parities must be regarded as tentative (see text). The width of the arrows are proportional to
the relative γ -ray intensity observed in the experiment.

configuration, although the theoretical values are slightly
higher than the experimental ones. This may be due to a higher
quadrupole moment than the one assumed, resulting from
the presence of the shape-driving i13/2 quasineutron. Above
spin I = 20, two more i13/2 quasineutrons were included in
the theoretical calculations to represent the BC alignment.
Once again, good agreement is achieved and we concur
with the πh11/2νi13/2 assignment for band 1. At higher
frequencies (>0.45 MeV), there is an apparent alignment
gain in the α = 0 signature [see Fig. 3(a)], which may cor-
respond to the alignment of the second and third lowest h11/2

quasiprotons.
A new structure was observed to strongly feed into band 1

by a series of transitions and is labeled band 2 in Fig. 1.
Figure 2(b) displays a spectrum of this strongly coupled band.
Angular-correlation ratios for the 782- and 873-keV lines
were measured to be 0.50(5) and 0.49(4), respectively, which
indicates that these are �I = 1 dipole transitions. Based on
these results, the spins for band 2 could be assigned as given
in Fig. 1. Therefore, band 2 was observed from spin I = 9 to

35. A positive parity was assumed, based on the configuration
assignment for the sequence.

Figure 3(b) plots the alignment for band 2, where a
crossing can be observed at 0.25 MeV with an alignment gain
of ∼8 h̄. These values are nearly identical to those found
in the most favored, odd-parity quasineutron sequence of
165Hf. This 165Hf band likely has an admixture of orbitals
of h9/2 and f7/2 parentage (that is denoted as νE) such
that the alignment of the lowest i13/2 quasineutrons (the AB

alignment) is not blocked, as it is in structures involving
the i13/2 quasineutron. Thus, the E quasineutron is likely
involved in the configuration of band 2. Because the h11/2

quasiproton is found to be yrast in neighboring odd-A tantalum
nuclei [13,14], the B(M1)/B(E2) theoretical values for the
πh11/2νE configuration were tested against the measured ones
in Fig. 4(b). Good agreement between theory and experiment
was achieved both before (I < 17) and after (I > 17) the AB

crossing. Thus, band 2 is assigned the πh11/2νE configuration.
It is worth noting that the additivity of alignment fails

for band 2 with the assigned configuration. Only ∼1.5 h̄ is
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FIG. 2. Example spectra for bands 1, 2, and 3 in 166Ta.
(a) Summed spectrum of triple gates with any two M1 transitions
below I = 18 in band 1 with the 680-keV transition. The left and
right insets display the highest energy transitions in the α = 0 and 1
signatures, respectively. (b) Summed spectrum for band 2 where any
two transitions of the 207-, 217-, 265-, or 282-keV lines were gated
with the 143- and 588-keV transitions. The peak denoted by a circle
is from band 1. The insets were created in a similar gating technique
as those in (a) to show the highest transitions in the α = 0 (left inset)
and α = 1 (right inset) sequences. (c) Summed spectrum of band 3
triple gated on any two M1 transitions between I = 16 and 21 with
the 543/545-keV lines.

associated with both the h11/2 quasiproton and the E quasineu-
tron. Thus, an initial alignment close to 3 h̄ for band 2, rather
than 7 h̄, would be expected. However, the alignment appears
to increase with rotational frequency in the νE configuration of
165Hf; this may account for the apparent inconsistency. In addi-
tion, a similar deviation was noted for the πh11/2νE structure
in the isotone 164Lu [15]. A high-frequency crossing is present
near 0.46 MeV, likely associated with the CD crossing (align-
ment of the third and fourth lowest i13/2 quasineutrons) because
a similar crossing was identified [9] near this frequency in the
νE configuration of 165Hf [see Fig. 3(b)].

The number of suggested E1 transitions linking band 2
to band 1 is unusual, especially considering that no such
E1 γ rays were reported between the two configurations in
164Lu [15]. The B(E1) strengths for the strongest lines could
be deduced by calculating the B(E1)/B(E2) ratios from the
extracted branching ratios while assuming the rotational form
of the B(E2) rate [11]. From this analysis it is concluded that
these are not enhanced E1 transitions because the B(E1) rates
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FIG. 3. (Color online) Alignment vs rotational energy for
(a) bands 1, 4, and 5; (b) band 2; and (c) band 3 in 166Ta. In (a)
and (b), the νi13/2 and νE bands from 165Hf are shown for reference,
respectively.

are found to be 1–2 × 10−4 Weisskopf units, well below those
in neighboring nuclei where large E1 rates are found [16]. The
appearance of the E1 transitions is likely a result of the reduced
deformation [12] in 166Ta compared with 164Lu that allows the
E1 γ rays to compete with the collective E2 transitions.

Another strongly coupled sequence is fed by band 2 and
is labeled band 3 in Fig. 1. An example spectrum is provided
in Fig. 2(c). Unfortunately, none of the connecting transitions
between the two bands was strong enough to perform an
angular-correlation analysis. Thus, the spin values for this
band must be considered tentative, with the parity based on
the proposed configuration.

The alignment for band 3 in Fig. 3(c) exhibits a crossing
at 0.28 MeV with an alignment gain of ∼8 h̄. This crossing
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FIG. 4. (Color online) Experimental and theoretical
B(M1)/B(E2) ratios for bands (a) 1, (b) 2, and (c) 3 in 166Ta.
Theoretical calculations are displayed as lines with the configurations
denoted in each panel. At higher spins, the calculations include an
additional two i13/2 neutrons (see text).
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TABLE I. Parameters used in calculating theoretical
B(M1)/B(E2) values shown in Fig. 4.

Configuration g� K ix

πh11/2 1.30 4.5 1.6

πd5/2 1.57 2.5 0.0

πg7/2 0.62 3.5 0.0

πh9/2 1.30 0.5 3.0

νA −0.30 2.5 6.0

νE −0.38 2.5 1.5

νAB −0.30 0.0 10.0

νBC −0.30 0.0 8.0

frequency lies between the AB and the BC alignments seen
in bands 2 and 1, respectively. It is possible that this is a
delayed AB crossing, where the πh9/2 orbital is involved,
as this quasiproton is known to delay crossings [17]. The
B(M1)/B(E2) ratios for band 3 were compared with the theo-
retical values of the πh9/2νE configuration in Fig. 4(c). Below
the crossing (I < 18), a reasonable agreement is achieved
between theory and experiment. However, above the crossing,
the experimental values increase by a factor of 2, while the
theoretical values decrease by the same factor. Therefore, the
πh9/2νE assignment does not seem appropriate for band 3.

The πd5/2νi13/2 and πg7/2νi13/2 configurations were also
compared in Fig. 4(c). One may observe at low spin that the
experimental values lie in between the two configurations.
These two quasiproton orbitals are known to mix [2,3];
therefore, a mixing between these even-parity configurations
may correctly describe band 3. In addition, above the crossing
(I > 17), the πd5/2νi13/2 configuration correctly reproduces
the larger B(M1)/B(E2) ratios. The πd5/2 orbital is found to
lie lower in energy than the πg7/2 state in 167Ta [1,14], such
that we favor the πd5/2νi13/2 configuration for band 3. It should
also be noted that a reduction of the BC crossing frequency
was observed for this same configuration in 168Ta [3].

Two new decoupled sequences were identified and are
labeled as bands 4 and 5 in Fig. 1. Band 4 is exclusively fed

by band 3 through several low-energy transitions. Angular-
correlation ratios could not be obtained for these γ rays.
Consequently, the spins assigned in the level scheme must be
considered tentative. Band 5 is fed by both bands 2 and 3, but
once again angular-correlation ratios could not be determined
for the linking transitions. With the tentative spin assignments,
the alignments for bands 4 and 5 are plotted in Fig. 3(a).
Both sequences have initial alignments near 7 h̄, which may
indicate the presence of the highly aligned i13/2 quasineutron.
A low-K quasiproton would need to be coupled to the νi13/2

state to obtain a decoupled structure. Two possibilities are
the h9/2[541]1/2 and the d3/2[411]1/2 orbitals. Because the
h9/2 quasiproton is also highly aligned (normally associated
with ∼3 h̄ of initial alignment), the πh9/2νi13/2 configuration
would likely have an initial alignment near 9 h̄. However, the
d3/2 quasiproton is typically associated with 1 h̄ of alignment
or less. Therefore, by additivity of alignment, the πd3/2νi13/2

configuration is favored for both bands 4 and 5, but this
assignment must be regarded as tentative at this time.

In summary, the level scheme of the doubly odd nucleus
166Ta was greatly extended with the observation of four new
bands. All of the bands are interconnected and the relative
energies are known as a result. The πh11/2νi13/2 configuration
was confirmed for the previously known structure, and
configurations were proposed for the four new sequences.
These data were produced as a side channel for the given
reaction, and a dedicated, high-statistics experiment would
need to be performed to confirm some of the proposed spin and
configuration assignments, especially for the weaker bands.
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