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Abstract
Excited states in the neutron-deficient nucleus '"Ta were studied through the '29Sn(°!V 4n)
reaction. Twelve rotational bands have been observed and the relative excitation energy of each
sequence is now known due to the multiple interband connections. Several quasineutron align-
ments were observed that aided in the quasiparticle assignments of these bands. The resulting
interpretation is in line with observations in neighboring nuclei. Trends in the wobbling phonon
energy seen in 161,163:165167] 1y and 167Ta are also discussed and particle-rotor model calculations

(assuming constant moments of inertia) are found to be inconsistent with the experimental data.
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I. INTRODUCTION

The wobbling phenomenon associated with triaxial nuclei, first found in %3Lu [1], has
drawn considerable interest for nearly a decade. Although this exotic collective mode was
first thought to be a general feature of the Z ~ 72, N ~ 94 region [2], finding examples
besides the odd-A lutetium nuclei proved to be challenging to the extent that a recent
suggestion was even made that lutetium nuclei might be the only ones suitable for displaying
wobbling bands [3]. Hence, it was surprising to find evidence for a wobbling band (which
can only occur if the nucleus possesses a stable asymmetric shape) in the nucleus 13" Tag, [4].
The predicted N = 94 triaxial strongly deformed (TSD) gap [5] responsible for stabilizing
asymmetric shapes is well established, as all wobbling bands are observed near this neutron
number, but the discovery of the asymmetric shape in 1" Ta raises new questions in regards
to the role of the proton Fermi surface.

The identification of the '"Ta wobbling band, which feeds into a structure based on
a miy3/2 quasiparticle excitation, was previously discussed in Ref. [4]. The present paper
uses the same measurement and addresses the full spectroscopy of %7Ta including an anal-
ysis of the band crossings in the twelve rotational sequences and the B(M1)/B(E2) ratios
determined for the strongly coupled bands. Quasiparticle assignments could be confidently
proposed to nine of the twelve structures. In addition, the systematic feature of the wobbling
phonon energy decreasing with spin in 65163165167 1y [1.2 6, 7] and '67Ta will be discussed.
At present, particle-rotor model predictions, assuming constant moments of inertia, cannot

reproduce this trend.

II. EXPERIMENTAL DETAILS

High-spin states in 16"Ta were populated via the 2°Sn(°*'V,4n) reaction, where the 51V
beam was accelerated to an energy of 235 MeV by the ATLAS facility at Argonne Na-
tional Laboratory. A beam current of 2 - 2.5 pnA was sustained throughout the five-day
experiment. This beam bombarded two stacked, self-supporting '2°Sn targets, each having
a thickness of 500 pg/cm?. The Gammasphere array [8, 9] detected the reaction y-rays with
101 Compton-suppressed detectors, such that approximately 2 x 10° four-fold or greater

coincidence events were recorded. A Blue database [10] was constructed from these events



in order to build Radware [11] coincidence cubes and hypercubes, as well as to facilitate
angular-correlation measurements used to assign relative spins and parity to the levels.
The angular-correlation analysis was performed by gating on two known E2 transitions in
the Blue database and projecting the coincident transitions into 16 one-dimensional spectra
associated with the 16 rings of Gammasphere. The spectra from the five rings nearest 90°
(0 = 79°,81°,90°,99°, and 101°) were summed together such that the intensities of the
v rays, W0y ), were determined. In a similar manner, the intensities of the transitions
from the five most backward rings, W (6,) where 6 = 122°,130°,143°,148°, and 163°, were
obtained. A ratio Rg,, = W(6))/W (0gpo) could be calculated and normalized such that
known E1 and E2 transitions have values of approximately 0.6 and 1.0, respectively. Since
no conclusive spin assignments were made in the decay studies into '7Ta [12], all of the
absolute spin assignments must be regarded as tentative in the level schemes proposed in
Figs. 1 and 2. However, the relative spins of the levels and bands are firm. Only tentative
levels and transitions in bands where no relative spin assignment could be performed based
on linking transitions are designated in parentheses. The energies and proposed spins of the
observed states in '"Ta, as well as the energies, intensities, and R,,, ratios of the ~-ray

transitions, are provided in Table I.

III. LEVEL SCHEME

Only two published works [12, 13] describing excited states of 1" Ta were available previous
to this work. Both of these tentatively assigned 3/2% quantum numbers to the ground
state; this assignment is consistent with the lowest level observed in the present experiment.
Meissner et al. [12] observed ~y-ray transitions following the decay of "W and reported
11 excited states and 16 transitions. Seven of those states and eight of the v rays could
be confirmed in the present experiment. Theine et al. [13] observed four rotational bands
in the p4n side channel of the 3°Si + 1%2Nd reaction. This group used the ESSA30 array
that consisted of 29 Compton-suppressed Ge spectrometers. In this work, the bands labeled
1, 2, 3, and 7 in Figs. 1 and 2 were observed up to spins 35/2, 59/2, 41/2, and 45/2,
respectively. A total of 111 transitions were assigned to 1®"Ta in Ref. [13], and are confirmed
here, although several + rays have been placed differently in the level scheme.

The present level scheme contains 12 rotational structures and over 370 transitions as-



signed to 1%"Ta. The bands associated with negative parity are found in Fig. 1, while those
associated with positive parity are displayed in Fig. 2. Transitions linking band 3 to bands
6 and 9 (see Fig. 1) allow for the excitation energies of all the bands to be established for
the first time.

A. Band 1

Band 1 in Fig. 1 was previously identified and its band-head state was assigned 9/27 in
Ref. [13], based upon systematics of similar bands in heavier tantalum nuclei and N = 94
isotones. However, the energy of the band head had not been determined in the earlier works.
Due to the various linking transitions between bands 1, 2, 3, and 4 shown in Fig. 1, the
excitation energy is now firmly established at 206.4 keV. This is an example where the study
of high-spin states can reveal important information regarding the excitation of particle/hole
states at low spins and energies. The angular-correlation ratios for the linking transitions
between bands 1 and 2, bands 2 and 3, as well as bands 3 and 6 (see Table I) confirm the
spin-parity assignment displayed in Fig. 1, assuming that the lowest state observed (3/2%
in band 6) is indeed the ground state. Band 1 was extended from 35/2~ up to 83/2~ and
a summed coincidence spectrum displaying the transitions associated with this sequence is
given in Fig. 3(a). The states below I = 29/2~ are very strongly fed, which is consistent
with the fact that band 1 is the yrast sequence below this spin. Figure 4 plots the excitation
energies of the states (minus a rotor reference) versus spin such that the yrast states can be

discerned.

B. Bands 2 and 2a

The sequence labeled band 2 in Fig. 1 was previously observed from 29/2~ to 59/2~ with
three linking transitions (157, 404, and 657 keV) feeding into band 1 [13]. Relative spin
assignments for band 2 could be confirmed from the angular-correlation ratios of the 404-,
540-, and 657-keV transitions depopulating the 29/2~ state into bands 1 and 3 with values
of Ruyng = 0.89(5) M1/E2, 0.94(3) E2, and 1.04(7) E2, respectively. A 27/2~ state was
added with the observation of the 102- and 222-keV transitions. Band 2 was extended to
the highest spin state in the nucleus of 87/2 as it forms the yrast line from I = 29/2 to 57/2,



and for I > 79/2. A spectrum for band 2 is given in Fig. 3(b). In addition, a short sequence
of transitions (508, 558, and 380 keV) was observed below what was previously the lowest
level. This low-spin sequence (labeled band 2a in Fig. 1) also strongly feeds band 1 and the
relative spins were confirmed with the R,,, ratios of the associated linking transitions (see

Table I).

C. Band 3

The decoupled sequence labeled band 3 in Fig. 1 was observed previously and assigned
odd parity based on the proposed configuration [13]. Agreement with this assignment comes
from the observation of the 540-keV transition (linking the 29/2~ level of band 1 to the 25/2~
state of band 3) having an E2 nature and indicating that bands 1, 2, and 3 must have the
same (negative) parity. The 5/27 level at 497 keV was not found in the previous high-spin
study of Ref. [13], but was observed in the decay work [12]. Two changes were made to this
band relative to Ref. [13]: (i) rather than the 583-keV line being a doublet, it was observed
to be a 582/583-keV triplet, and (ii) the 596-keV line was placed below this triplet. By
placing triple gates in the hypercube, three transitions in coincidence with energies between
582 and 583 keV could be confidently confirmed. However, determining their exact energy,
intensity, and ordering was not possible. Therefore, there is some ambiguity associated with
the values given in Table I and with the ordering in Fig. 1. The 596-keV transition was
moved below this triplet as, once the intensity is divided three ways for the 582/583-keV
multiplet peak, this line has a greater intensity. This assignment must, however, also be
regarded as tentative. Further confirmation of the presence of a triplet comes from the
interactions of band 4 with bands 1 and 3 (see Sec. III.D). If a doublet was assumed, the
correct interactions could not have been delineated. The spectrum displayed in Fig. 5(a)
identifies the transitions that allowed this sequence to be extended to 69/2~ and it displays

some of the transitions of band 5.

D. Bands 4 and 5

Two bands observed at higher spins were newly identified and are displayed in Fig. 1

as bands 4 and 5. The lowest observed level in band 4 decays to band 3 through the 649-



keV transition with R,,, = 0.94(4), indicating that the transition is of E2 character. This
assignment implies that the 45/27 states in bands 3 and 4 are nearly degenerate (differing
by only 20 keV) which would then explain the 663- and 684-keV linking transitions from
the 49/2~ levels of both bands. A probable 47/2 level is found assuming that the 308- and
335-keV lines are dipole in nature. In addition, a sequence of transitions is found above a
possible 51/2~ level which is nearly degenerate (~24 keV) with the 51/2 state in band 1.
Surprisingly, the possible E2 transition connecting the 51/2~ and 47/2~ states is missing in
band 4, which may mean that the two structures are unrelated. However, when the energies
of these sequences are plotted in Fig. 4(a), one observes that they are likely partner bands;
thus, it is assumed these two sequences are parts of the same intrinsic structre.

A short sequence of transitions (band 5) was found to feed into band 3 at [ = 49/2~ and
53/2~ as discussed above. The R,,, = 0.84(5) value of the 784-keV line and the observation
of the cross transitions from the 57/2~ states from both bands 3 and 5 strongly imply that
these states are mixed such that they have the same spin and parity. As can be seen in
Fig. 4(a), band 5 is nearly degenerate with band 3 and it appears to become lower in energy

than the latter band at the highest spin.

E. Band 6

Only the 233-keV transition was previously identified in both Refs. [12, 13], which feeds
directly the presumed 3/2" ground state. This is likely due to the fact that the next E2
transition has the same energy (378 keV) as the linking transition from band 3; thus, the
11/2% and 9/2~ states from bands 6 and 3, respectively, are within 1 keV of each other.
With the use of triple coincidence gates, this weakly-coupled band could be established as
seen in Fig. 2 and a spectrum is provided in Fig. 5(b). The energetically favored a = —1/2
sequence was extended to 39/2%, while the unfavored a = +1/2 sequence was only delineated
to 21/2% and is fed by band 10 (see Sec. IILI). Although band 6 is close in energy to band 7
(one of the more strongly fed bands in *67Ta), as seen in Fig. 4(b), the former is significantly
less intense. The high-spin portion of band 6 appears to move away from the yrast line
above I =29/2%, where the reaction predominantly feeds the discrete states [see Fig. 4(b)].
This may explain why band 6 could not be observed to higher spin and is one of the weaker

bands in %7 Ta.



F. Band 7

The structure labeled Band 7 in Fig. 2 was previously observed up to a spin of 45/2% [13].
The 95-keV ~ ray linking the lowest state in band 7 to the 3/2" ground state and the
138-keV line from the 7/27 level in band 6 to this same state could both be assigned as
dipole transitions (see Table I), thus, confirming the I = 5/2 assignment. Positive parity
is assumed, based upon the configuration assignment (see Sec. IV.F). Figure 6(a) displays
spectra that were used to extend the band up to 85/2%. With the increased statistics, and
ability to place triple coincidence gates in the hypercube, the ordering of transitions near
45/2% was slightly modified from that given in Ref. [13]. Several low-energy transitions were
found de-exciting the band towards band 9 at lower spins, while many interband transitions
were also observed between bands 7 and 8. These latter two bands lie close in energy in
the I = 31/2 - 43/2 spin range, as can be seen in Fig. 4(b), an observation that accounts
for the numerous linking transitions. There are also two states (with I = 27/2 and 29/2)
not directly associated with either bands 7 or 8, but fed by 7 rays originating from these
structures. Band 7 defines the yrast sequence of '®Ta in the range of I = 55/2 to 73/2 h
[Fig. 4(b)].

G. Band 8

A new, higher-lying, strongly-coupled sequence was observed in the present experiment
and is labeled as band 8 in Fig. 2. The 441- and 667-keV transitions de-exciting the 31/27F
and 43/27 states, respectively, were determined to both have R,,, ~ 1. Thus, they may
be classified as stretched-FE2 transitions herewith fixing the spin of band 8 as proposed in
Fig. 2 and with the same, positive parity as band 7. A spectrum of band 8 can be found in
Fig. 6(b), where one may observe the strong coincidence with band 7 whose transitions are

denoted with open diamonds. The structure could be extended up to I = 73/27.

H. Band 9

A short sequence, labeled as band 9 in Fig. 2, was identified which is primarily fed by
bands 7 and 10. The band-head state was first observed in Ref. [12], and evidence of this

level was also seen in Ref. [13]. However, the latter reversed the ordering of the 120- and
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160-keV transitions. The observation of the 320-keV line from the 11/2% level in band 7
to the 7/27% state in band 9 confirms the placement of the level at 255 keV, in agreement
with Ref. [12]. The angular-correlation ratios of the 160- and 337-keV lines of 0.76(3) and
0.99(8), respectively, allow for the assignment of spins as shown in Fig. 2 and indicates that

positive parity is associated with band 9.

I. Bands 10, 11, and 12

The new, decoupled sequences labeled bands 10, 11, and 12 in Fig. 2 were previously
discussed in Ref. [4]; spectra for these bands may be found in that publication. Band 10
feeds bands 6, 7, and 9 where the angular-correlation ratios for the 772-, 527-, and 500-keV
~ rays were all found to be consistent with values for stretched E2 transitions (see Table I).
This allowed for confident spin and parity assignments for the structure. Angular-correlation
ratios of 0.50(8) and 0.71(8) were determined for the 643- and 632-keV lines from band 11
to band 10, indicating that they are Al = 1 in nature. Thus, the spins of band 11 could
be deduced and the parity is assumed to be positive based on the number of transitions
feeding into band 10 as well as on the configuration assignment for this sequence. The
lowest spin state of band 12 is nearly degenerate with the 53/2% level in band 10 (~20
keV), and the 764-keV link was determined to be of E2 character as its angular-correlation
ratio was measured to be Rg,,, = 1.03(6). All three of these bands are found to lie high in
excitation energy relative to the other positive-parity structures in 1%7Ta, as can be seen in
Fig. 4(b). This indicates they were likely populated at the highest spins and the intensity

remained trapped in these sequences until lower spins were reached.

IV. DISCUSSION

Many proton orbitals are known to occur near the Fermi surface from recent work on high-
spin states in ' Tq [14-16]. These orbitals include the positive-parity ds/»[411]1/2,
ds/2[402]5/2, g7/2[404]7/2, and at higher eneriges i3/2[660]1/2 states [17]. Commonly ob-
served negative-parity orbitals include hi1/9[514]9/2 and hg/9[541]1/2. By analyzing the
alignment characteristics (including observed crossings) and the B(M1)/B(E2) transition

ratios (for the strongly-coupled bands), configurations have been assigned for the bands,



as discussed below. The alignments for the bands in %7Ta are presented in Fig. 7 along
with the ground-state band of '%Hf, shown as the dashed line in this figure, for reference.
Harris parameters of Jy = 20 h*/MeV and J; = 40 h*/MeV? were selected to subtract
the angular momentum of the core such that the ground-state band in '*Hf [18] has nearly
zero alignment at low frequencies, and nearly constant alignment following the first crossing.
A summary of the configuration assignments and band crossing frequencies is provided in

Table II.

A. Band 1: 7Th11/2[514]9/2

The initial alignment of band 1 is approximately 1.5 2 more than that of the ground-state
band in '%Hf, as seen in Fig. 7(a). This value is consistent with the interpretation of the band
being based on the [514]9/2 orbital, as suggested in Ref. [13]. Measured B(M1)/B(E2) ratios
for band 1 [Fig. 8(a)] are of similar values [~1 (uxy/eb)?] than those found in the [514]9/2
bands in the heavier isotopes %171 Ta [14, 15]. These experimental values are somewhat
lower than those predicted when using the geometrical model B(M1) estimate [19] with
parameters of ggp = Z/A = 0.44, go = 1.30, and the rotational form of B(E2) [20] where the
Qo moment was assumed to be 5.3 eb [21]. However, similar overestimations by theory were
found in the heavier isotopes as well [14, 15]. Therefore, we are in agreement with Theine
et al. [13] that band 1 is based on the [514]9/2 orbital of h;/, parentage.

Band 1 interacts with band 2 at a frequency of 0.24 MeV. This is a typical frequency
for the AB crossing, where A and B refer to the lowest 7132 quasineutrons, as described in
Sec. IV.B. The continuation of the [514]9/2 sequence (band 1) persists up to a frequency of
0.29 MeV where it encounters a different crossing. This is likely the BC' crossing (alignment
of the second and third lowest 4;3/2 quasineutrons); however, its alignment gain of ~9 & is
larger than expected. The crossing frequency is identical to the BC' alignment observed in
the odd-odd neighbors 1158 T [24, 25], where only 7 h of alignment was gained. A second
crossing, with a large interaction strength, is found at a higher frequency, near 0.35 MeV,
and has been attributed to the AD alignment based upon cranked shell model calculations
similar to those shown in Refs. [15, 25] that predict the AD crossing at 0.38 MeV.

The B(M1)/B(E2) ratios are found to characteristically increase above spin I = 33/2

after the BC crossing, although the model again overestimates these values by a factor of
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two. It is interesting to note that the B(M1)/B(FE2) ratios for band 1 are nearly identical
to those of band 2 above I = 33/2.

Above a frequency of 0.4 MeV, one may observe in Fig. 7(a) that the alignment of the
signature partners of this mhy;/2 band split (with the favored o = —1/2 sequence gaining
more alignment), and this appears to be a general feature of this band throughout the

~ 96 isotopes of thulium, lutetium, tantalum, and rhenium. The reason for this split is
not at present clear, although some mixing with the unfavored signature of the 7hg/, orbital

at high frequency can perhaps be involved and cause the divergence of the signatures.

B. Band 2: 7hy;3AB and Band 2a

As seen in Fig. 7(a), band 2 parallels the ground-state band of '6°Hf, following the AB
crossing while having ~1.5 A more alignment over most of the observed frequency range. For
this reason, as well as because of the similarities of the B(M1)/B(FE2) ratios found between
bands 1 and 2 in Fig. 8(a), we are in agreement with the why;/,AB configuration assigned
to band 2 in Ref. [13].

The BC and AD crossings found in band 1 are Pauli blocked in band 2; however, a
crossing is observed at 0.41 MeV, just as in '*Hf. This high-frequency crossing is associated
with the C'D alignment for '°Hf [18], and the same interpretation is adopted here for
the crossing in band 2. It is interesting to note that bands 1 and 2 consist of identical
quasiparticles (an hi1/2 quasiproton coupled to four ii3/» quasineutrons) above 0.4 MeV.
One may see in Fig. 7(a) that their alignments are nearly identical above this frequency and
that band 2 displays the same characteristic split of the 7h; /5 signatures. Also noted in
this figure is that the crossing found near 0.5 MeV in '66Hf is not observed in either bands 1
or 2. This observation strongly suggests that this high-frequency crossing in the even-even
nucleus involves the hy;/, quasiproton.

Band 2a may be associated with another hy;/, orbital, but without further information,

this is only a tentative assignment.
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C. Band 3: 7hg,[541]1/2

The large initial alignment (~3 k) and the absence of a signature partner indicate that
band 3 is based on a low-K member of a high-7 shell. Furthermore, band 3 was determined
to have negative parity; therefore, only the [541]1/2 orbital which is near the Fermi surface
can satisfy these characteristics. A crossing is found just below a frequency of 0.3 MeV and
it is interpreted as the AB alignment. This crossing frequency is delayed with respect to the
AB crossings found in '®Hf, but this is a well-documented trait for bands built on the hg /s
orbital [22]. Above 0.35 MeV, the alignment appears to continue to increase; this may be
associated with the C'D crossing or may result from an improper choice of Harris parameters
as the band is based on an orbital known to drive the nucleus to higher deformation (see

Ref. [22] and references therein).

D. Bands 4 and 5

These structures, which are most likely of negative parity, are analogous to sequences
observed in the neighboring isotone '®Lu [23]. Multiple coupled bands were observed to
interact with the 7hy; /2 configuration at high spin in **Lu and were assigned configurations
of mhy1/2 BC (corresponding to band 1 in 167Ta) and gy 12AE (where E represents the lowest
negative-parity, & = +1/2 quasineutron orbital). As the Fermi surface is closer to the mds/,
orbital in '"Ta, band 4 is more likely associated with the nds;AE configuration after it
has experienced the BC' crossing. Such a configuration would have an alignment similar to
(but slightly smaller than) band 7 above 0.31 MeV (where a configuration of mhy,AEBC
has been assigned, see Sec. IV.F). This is, indeed, observed as a comparison can be made
between the two bands in Figs. 7(b) and (c¢). However, this assignment must be regarded as
tentative without further experimental confirmation of the parity.

A decoupled sequence feeding into the mhg, band at 45/2 is found in '®Lu that is
similar to band 5 in " Ta. No configuration was suggested in Ref. [23] as it is difficult to
propose an assignment with little information about the structure. Perhaps, this corresponds
to the mds; AEBC' sequence, as such a configuration would have approximately the same
alignment as band 4. Once again, this assignment must be regarded as tentative, pending

further experimental information.
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E. Band 6: 7d;),[411]1/2

Band 6 displays nearly no initial alignment [Fig. 7(d)] and exhibits significant signature
splitting (Fig. 2). These characteristics are consistent with a low-K orbital from a low-j shell.
Thus, band 6 has been assigned the [411]1/2 configuration. Only two reliable B(M1)/B(E2)
ratios could be determined and their value was found to be quite low [~0.1 (1 /eb)?], which
is consistent with the predicted value [0.08 (uy/eb)?] using the same parameters as discussed
for band 1 except go = —1.10. A crossing is observed in the favored o = —1/2 signature at
0.28 MeV. This crossing frequency is closer to the BC' alignment than to the AB alignment.
It is possible that this is a delayed AB crossing, similar to that observed in the [541]1/2 band,
but no such delays have ever been observed in the [411]1/2 bands of the neighboring nuclei.
Perhaps the AB crossing is affected by another three-quasiparticle band that disturbs the
expected crossing frequency. Indeed, such a band is found to cross the [411]1/2 configuration
in this same frequency region in the nearby nucleus '"*Re [26]. Further experimentation is

required to fully account for this unusual feature.

F. Band 7: nd5/,[402]5/2

This strongly-coupled sequence has a small amount of initial alignment [Fig. 7(c)], in-
dicating that it is likely based on a high-K member of its shell. As this band very likely
has positive parity, the [402]5/2 and [404]7/2 orbitals are both possible configurations. In
Fig. 8(b), one finds that the experimental B(M1)/B(E2) values lie between those predicted
for the [402]5/2 orbital (solid line) and the [404]7/2 one (dotted line). The large difference
between the two orbitals is a result of their different go values: 1.57 for [402]5/2 and 0.61
for [404]7/2. A similar result was found in '®Ta [14] and this indicates that a large amount
of mixing of these two configurations is present in band 7. This is further confirmed by
the number of interband transitions between bands 7 and 9 (Fig. 2). The B(M1)/B(E2)
ratios slightly favor the [402]5/2 assignment, and Fig. 13 in Ref. [14] indicates that there is
a trend of the [404]7/2 state lying above the [402]5/2 one. Therefore, we are in agreement
with Ref. [13] that band 7 is predominantly based on the [402]5/2 orbital.

At a frequency of 0.24 MeV, a large alignment gain occurs in band 7, see Fig. 7(c). It
can be attributed to the AB crossing. A second crossing is observed at 0.31 MeV, which is

13



consistent with the BC' crossing observed in band 1. However, the BC' alignment would not
be allowed in band 7, if it is associated with the wd;5/3 AB configuration. Similar observations
have been reported in the [404]7/2 bands of '™ Ta [15] and '9*!%5Lu [23, 27]. In Ref. [27],
Jensen et al. first suggested that the positive-parity band is crossed by a three-quasiparticle
band consisting of an hy1/, quasiproton with an i13/, and an hg, quasineutron (mhyq/,AE)
during or just after the AB alignment. This scenario allows for the BC' crossing. The
B(M1)/B(E2) ratios extracted above the first crossing, shown in Fig. 8(b), do provide
evidence for this change of configuration in band 7. Between spins 29/2 and 41/2, the
B(M1)/B(E2) values fall from nearly 3 (ux/eb)? to 1 (ux/eb)?. The dashed-dotted line
in Fig. 8(b) refers to the predicted values, assuming a 7ds/AB configuration, while the
dashed line refers to the calculated ratios for the why; /9 AE configuration. Clearly the latter
calculations reproduce the data better. Above I = 41/2, the BC alignment occurs, and
good reproduction of the experimental B(M1)/B(E2) data is achieved with the theoretical
ratios, assuming the why, AEBC configuration. In addition, one may note the splitting in
the alignment plot of band 7 above 0.4 MeV which is characteristic of the presence of an

hi1/2 quasiproton in the configuration.

G. Band 8: 7Th11/2AF

Band 8 is likely based on a three-quasiparticle configuration due to the fact that it is
not observed until an excitation energy of over 3 MeV is reached. This structure strongly
interacts with band 7 after the crossing with the 7hy;2AE configuration. The presence
of numerous interactions may indicate that the two bands are based on similar intrinsic
structures, that is with an hiy/, quasiproton coupled to an 7;3/2 and an hg/, quasineutron.
Note that the measured B(M1)/B(E2) ratios [Fig. 8(b)| are quite scattered, but they are
similar to band 7 in this spin region. The alignment for bands 7 and 8 are also nearly
identical below 0.3 MeV, as seen in Fig. 7(c). A crossing is observed in band 8 at 0.35
MeV, a frequency slightly higher than that for the BC' alignment in band 7. This may
suggest that the alignment in band 8 is associated with the AD crossing, which would imply
a mhy12BE configuration. However, the B quasineutron is known to lie much higher in
energy than the A quasineutron. In Fig. 4(b), band 8 lies only slightly higher than band

7, so the 7hy; /9 BE configuration does not seem to be a satisfactory assignment for band 8,
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although it cannot be completely ruled out. Instead, a why;/2AF configuration is favored,
where the BC alignment is delayed. In fact the BC' crossings are found to differ slightly in
the AE and AF bands observed in '°Hf [18] and W [28] as well.

H. Band 9: 71g;/,[404]7/2

This short, coupled sequence of transitions has nearly zero initial alignment [Fig. 7(d)]
and there are several linking 7 rays between the [402)5/2 sequence and this structure. The
B(M1)/B(E?2) ratios were found to be small, on the order of 0.2 (uy/eb)?, which is con-
sistent with the predicted value of 0.1 (uy/eb)? at the lowest spins of the [404]7/2 band.
Therefore, band 9 is assigned as the structure based upon the [404]7/2 orbital of g7, parent-

age.

I. Bands 10, 11, and 12: sequences based on 7i;3/,[660]1/2

These three, decoupled structures were the focus of our recent article [4] where arguments
were presented associating band 10 with the [660]1/2 orbital and, more importantly, band
11 with the n,, = 1 wobbling partner, built on this 73/, configuration. One of the key
signatures for the identification of a wobbling sequence is that its characteristics are identical
to those of the 713/ band (most notably its alignment and dynamic moment of inertia).
The similarity of alignments between bands 10 and 11 is clearly visible in Fig. 7(d) for
frequencies above hw = 0.35 MeV. However, below this frequency there is a difference of
~1 h. As discussed in Ref. [4], the lower-spin portion of band 10 may be based on the 73/,
quasiproton in an axially symmetric minimum, and the gain of 1 A of alignment near 0.35
MeV is a result of the transition into the triaxial strongly deformed minimum. With this
interpretation, band 12 may then be considered as the continuation of the [660]1/2 structure

in the axially symmetric minimum.

V. DECREASING WOBBLING PHONON ENERGY

Although the first description of the collective wobbling mode was based on even-even

nuclei, all examples available to date have been observed in odd-A systems. In fact, the
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unpaired, highly-aligned 7,3/ quasiproton has proven to play a pivotal role in the observa-
tion of wobbling in lutetium and tantalum nuclei. As first suggested in Ref. [5], the i3/,
quasiproton drives the nuclear shape toward a larger deformation than the other quasipar-
ticle states located near the Fermi surface. At these larger deformations, a significant gap
in the quasineutron energy levels opens at N = 94 and stabilizes an asymmetric shape with
~v = 20°.

Following the initial discovery of the first wobbling structure in ®3Lu [1], particle-rotor
model calculations were primarily used to describe features of this exotic wobbling mode,
see Refs. [20-31]. Random-phase approximation calculations were also able to reproduce
experimental results of the wobbling bands, see Refs. [32-35]. In particular, the unusually
large transition strength ratios B(E2),u:/B(E2):, could be described within both models.
However, this particle-rotor model description of the wobbling energy assuming constant
moments of inertia has not been able to reproduce a systematic feature seen in all the
known wobbling bands and described below.

Figure 9 displays the energy associated with the n,, = 1 wobbling phonon in the five

cases where this phenomenon has been observed. The wobbling energy is calculated as
hwy, = Ey(I) — [Eo(I + 1) 4+ Eo(I — 1)]/2, (1)

where Fi(I) is the energy of the state with spin [ in the n, = 1 wobbling band, and Ej
the energy of the state in the mi;3/2 band. The magnitude of the wobbling phonon energy is
similar in each case. A clear trend of decreasing energy with spin (that is nearly linear, with
the exception of '61Lu) is observed, where the slopes are nearly identical for 1%365Lu and
167Ta above spin 51/2. The two slopes found in '"Ta may be a result of the i3 /2 structure
lying in a v &~ 0° minimum below I = 51/2, while lying in a triaxial strongly deformed
(TSD) minimum above this spin, as alluded to above and as discussed in Ref. [4]. In ®"Lu,
a slightly steeper slope is observed, which is even more pronounced at the lowest spins. This
may be an indication of an evolution from a symmetric to an asymmetric minimum, as in
167y

The importance of the aligned 4,3/, quasiproton for wobbling has been discussed in the
publications noted above and the relevant Hamiltonian has been given in several references
(e.g. [30, 31, 36, 37]). The inherent problem with this Hamiltonian, in regards to the
experimental results of Fig. 9, is best displayed in Fig. 12 of Ref. [31]. There one may
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observe that the Hamiltonian suggests that the wobbling energy should increase linearly with
spin, which is opposite to the experimental findings (Fig. 9). In Refs. [36, 37|, Tanabe and
Sugawara-Tanabe considered whether a spin-dependent moment of inertia may be able to
better reproduce the energy levels of the 7,3/, bands and the wobbling sequences associated
with them. Their justification for this approach is based upon the fact that the observed
increase in dynamic moment of inertia with frequency suggests a decrease in pairing with
spin. By replacing the moment of inertia with a spin dependent value of

I—Cl
]+Cg

Jo— Jo (2)

constants were chosen to model the decreasing wobbling energy, with ¢; = 0.69, c; =
23.5, and Jy = 77.6 MeV~! selected for '3Lu. Specifically, one can then infer a slight
decrease of the wobbling energy for 161:163:165167] 1y in Figs. 5, 6, 7, and 8 of Ref. [36]. With
these parameters the transition strength ratios were also satisfactorily reproduced within
the model. Similar results are displayed for " Ta in Ref. [37], but different parameters were
utilized in Eqn. (2). It is possible to gauge the effectiveness of these angular momentum
dependent moments of inertia by scaling the wobbling frequency with the inverse of the
moment of inertia. From Fig. 12 in Ref. [31], the ratio of the wobbling frequencies at spin
I =40 and 17 is found to be Aw(I = 40)/hw(I = 17) ~ 1.2, but this work assumed constant
moments of inertia. Using Eqn. (2), gives a ratio of the moments of inertia of Jy(I =
40)/Jo(I = 17) = 1.54 between the same spin values. This produces a scaled ratio of the
wobbling frequency equal to 1.2/1.54 = 0.78 that is close to the experimental ratio fuw(I =
40)/hw(I = 17) = 0.63, determined from the '*Lu data displayed in Fig. 9. However, the
remaining difference between these ratios leads to the conclusion that the observed decrease
in wobbling energy cannot be fully explained by an increase in the moments of inertia
resulting from the attenuation of pair correlations. In addition, the calculated moments of
inertia using Eqn. (2) and the parameters defined above are low in the I = 17 — 40 spin
range (between 30 —50 MeV ') in comparison with the experimental values within the same
range (between 62 — 75 MeV™!).

An alternative approach, using random phase calculations [32-34], has also attempted
to explain the decreasing wobbling energy with spin. With this microscopic method, a
nearly constant wobbling energy was calculated for '%3Lu (see Fig. 2 in Ref. [32]) and a

decrease was even found at the highest frequencies. However, the wobbling energy was
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underestimated by nearly a factor of two at the lower frequencies, and predictions of the
transition strength ratios were not nearly as satisfactory as those found using particle-rotor
model methods. Shoji and Shimizu [38] performed random phase calculations based on a
Woods-Saxon potential (rather than a Nilsson potential as in Refs. [32-34]) and were able
to calculate a decreasing wobbling frequency for '*Lu. Once again, however, the wobbling
frequency was significantly underestimated as seen in Fig. 6 of Ref. [38]; although, the
transition strength ratios were reproduced quite well in comparison to the experimentally
determined values. From the discussion above, it is therefore concluded that, even though
theoretical progress has been made, a complete description of the wobbling phenomenon in

the lutetium/tantalum region remains a challenge that requires further investigation.

VI. SUMMARY

Over 370 transitions and 12 bands are now known in the N = 94 nucleus "Ta. All four
(AB, BC, AD, CD) crossings based on 413/, quasineutrons were observed, and these cross-
ings helped to assign configurations to the structures. The mi13/2 sequence was confirmed
and a structure that is likely based on the n,, = 1 wobbling phonon was observed. The
energy associated with this phonon is found to decrease with energy in a manner similar to
that observed previously in wobbling bands of 163:165167T 1. The decrease is nearly linear, and
is opposite to the predictions of the particle-rotor model when constant moments of inertia
are assumed. While progress has been made to theoretically understand the wobbling mode
using particle-rotor and random phase approximation models, a comprehensive explanation

for this phenomenon is needed and will be a challenge to the theoretical community:.
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FIG. 1: Partial level scheme for '"Ta depicting the negative-parity structures. The widths of the

arrows are proportional to the relative intensities of the v rays.

FIG. 2: Partial level scheme for '67Ta displaying the positive-parity structures. Tentative transi-

tions and levels are denoted with dashed lines.

FIG. 3: (a) Spectra for band 1 in 167Tq. The main spectrum was produced by summing the triple
gates of the 631-keV transition with any two E2 transitions in the a = —1/2 signature above the
31/2~ state along with triple coincidence gates of the 621-keV line with any two E2 transitions in
the a = +1/2 signature above the 29/2~ state. The left inset is the result of summing all possible
triple combinations using E2 transitions in the v = —1/2 signature above the 31/27 state. In
a similar manner, the right inset is the spectrum from summing all possible triple combinations
using E2 transitions in the a = +1/2 signature above the 29/27 level. (b) Spectra for band 2. All
possible triple combinations of the M1 transitions from the 29/2~ level to the 43/2~ state produced
the main spectrum. All possible triple combinations of the E2 transitions in the « = —1/2 sequence
above the 43/2~ state were summed for the left inset. The right inset is a summed spectrum of
all possible triple combinations of E2 transitions in the aw = +1/2 signature above the 41/27 level.

Squares indicate transitions from band 1, while crosses denote v rays from band 3.

FIG. 4: (Color online) Excitation energies of the observed levels minus a rigid-rotor reference,
where this reference was assumed to have a moment of inertia parameter A = 0.007 MeV. The
odd-parity bands 1-5 are displayed in panel (a), while the even-parity bands 6-12 are in panel (b).

Positive (negative) signatures are represented with filled (open) symbols.

FIG. 5: (a) Spectrum of band 3 resulting from a sum of gates on all E2 transitions in the structure.
The inset is a continuation of the main spectrum. Peaks marked with triangles, hexagons, plus
signs, stars, and right triangles are from bands 2, 4, 5, 6, and 9, respectively. (b) Spectrum of
band 6 produced by summing all clean triple gates using the 525-keV transition with other E2

transitions in the o = —1/2 sequence.
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FIG. 6: (a) Spectrum of band 7 resulting from a sum of triple-gated coincidence spectra using
all combinations of M1 transitions from the 31/27% level to the 45/2% state. The left inset is a
spectrum generated by summing all combinations of the E2 transitions in the a = +1/2 sequence
above the 45/27 state. The right inset was constructed in a similar way with all combinations of
triple gates with E2 transitions above the 47/2" state in the & = —1/2 signature. (b) Spectrum
of band 8 resulting from a sum of as many clean triple gates from inband transitions as possible.
The inset is simply a continuation of the main spectrum. Peaks denoted with diamonds and right

triangles are associated with bands 7 and 9, respectively.

FIG. 7: (Color online) Alignments of the bands in '%7Ta plotted versus rotational energy hw.
Harris parameters of Jy = 20 K2 /MeV and J; = 40 Kt / MeV? were used to subtract the angular
momentum of the rotating core. Observed crossings are designated in the figure. Filled (empty)
symbols denote the « = +1/2 (—1/2) sequences. The dashed line represents the alignment observed

in the ground-state band in '66Hf.

FIG. 8: (Color online) B(M1)/B(E2) ratios for the bands denoted in the figure. In panel (a) the
solid and dashed lines represent the theoretical values for the [514]9/2 and 7why; /2AB configurations,
respectively. In panel (b) the solid line denotes predicted ratios for the [402]5/2 band, while the
dotted line is for the [404]7/2 configuration. The dashed-dotted line refers to the 7ds 9 AB structure
and the dashed line denotes the predicted values for the why; /3 AE band. Finally, the long dashed-

dotted line at high spins represents the theoretical ratios for the why; , AEBC configuration.

FIG. 9: (Color online) Wobbling phonon energy (hw,,), as described in the text, versus spin for

the five known cases of wobbling in lutetium and tantalum nuclei.
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TABLE I: Table of spin and parity assignments for states

in 167Ta, as well as y-ray energies, intensities, and angular

correlation ratios.

I™[a]  Ejepe (keV) E, (keV)[b] I[c] Rang  Bandy, If[d]
Band 1: 7hy1/5[514]9/2 a = +1/2
9/2= 2064
13/2 4963 280.9  ~20[f] 0.86(7)[g] 1,9/2"
190.8  ~136[] 0.81(3)  1,11/2"
17/2=  047.3 4510  T8(5)  0.91(5)  1,13/2"
268.5  112(8) 0.84(4) 1, 15/2~
21/2-  1493.3 546.0  69(5)  1.01(5) 1, 17/2-
327.7  69(5) 0.83(3)  1,19/2-
25/2~  2096.6 603.3  60(5) 0.78(2)  1,21/2"
364.2  36(3)  0.79(3) 1, 23/2-
20/2-  2717.8 621.2  31(3)  1.20(7) 1, 25/2~
3687 21(2)  0.75(3)  1,27/2"
33/2-  3326.4 608.6  24(2)  0.96(4) 1, 29/2"
346.8  16(2)  0.64(4) 1, 31/2-
37/2- 39133 586.9  18(2) 1.21(7)[g 1, 33/2~
3188  17(1)  0.77(5)  1,35/2"
41/2= 45015 588.2  13(1) 1.21(7)[g] 1, 37/2-
3115 12(1)  081(5) 1, 39/2-
45/2=  5126.9 6254  11(1) 1.19(10) 1, 41/2-
3270 7.3(7)  083(3)  1,43/2"
49/2= 58024 6755  9.2(9) 1.15(13) 1, 45/2~
3374 3.6(5) 0.76(3)[g] 1, 47/2~
53/2- 65185 7161 7.1(8) 1.18(10)[g] 1, 49/2~
3364 2.5(4) 0.76(3)[g] 1, 51/2-
57/2-  7292.9 7744 5A4(6)  1.11(12) 1, 53/2-
373.3  1.2(2) 1, 55/2"
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61/2-  8128.3 8354  4.0(6) 0.82(10) 1,57/2~
65/2=  9020.7 8924  2.2(3) 1,61/2"
69/2=  9972.8 952.1  1.2(2) 1, 65/2"
73/2=  10986.8 1014.0  0.4(2) 1,69/2"
77/27 120655 10787 <03 1,73/2"
Band 1: why; [514]9/2 a = —1/2
11/2= 3055 99.1 ~58le]  0.75(5)  1,9/2~
15/2= 6789 3734  86(5) 0.85(5)  1,11/2~
1825  86(7) 0.75(4)  1,13/2"
19/2=  1165.7 486.8  97(7)  0.91(5) 1,15/2"
218.2 52(4)  0.82(5)  1,17/2~
23/2~ 17325 566.8  93(7)  0.93(3)  1,19/2~
239.1 30(3)  0.73(3)  1,21/2°
27/2  2349.0 616.5 79(4)  1.04(3) 1, 23/2~
252.3  21(1)  0.74(4)  1,25/2~
31/27  2979.6 630.6  54(4)  1.00(5) 1, 27/2"
261.8 16(1)  0.77(5)  1,29/2~
35/27  3594.4 614.8  30(3) 0.96(5) 1,31/2~
268.1 17(2)  0.84(4)  1,33/2~
39/27  4190.0 595.6  21(2)  0.89(2)  1,35/2"
276.8 16(1)  0.71(5)  1,37/2~
43/2=  4799.9 609.9 15(1)  1.05(6)  1,39/2~
2985  83(8) 0.66(6)  1,41/2~
A7/2=  5465.1 665.2  9.4(9) 1.06(8)  1,43/2~
338.3  5.4(6) 0.76(3)[g] 1, 45/2~
51/27 61822 7171 6.7(7) 1.18(10)[g] 1, 47/2~
379.8  3.0(4) 1,49/2~
667.2  0.6(1) 4, (47/27)
55/27  6919.7 7375  4.0(5) 1, 51/2"
401.2  1.5(2) 1, 53/2"
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6.1(7)

5.0(5)

1.06(9)

1.02(10)

1.1(1)

0.81(9)

Band 3: mhy[541]1/2 a = +1/2

496.8

611.2

853.1
1216.7
1678.9

496.8
263.6
114.4
378.1
356.4
305.7

83.7
241.9
363.6
462.2

27

~T[f]
< 0.3[f]

0.72(3)

2, 59/2~
2,61/2-
2, 63/2~
2, 65/2~
2, 67/2°
2,71/2-
2, 75/2~
2,79/2-
2, 83/2~

1,13/2"
1,15/2"
2a, 13/2~
1,15/2~
1,17/2-
1,19/2~
2a, 17/2~
1,21/2"
1,23/2"

6, 3/2%
7/2%
3,5/2
6, 7/2%
9, 7/2%
1, 11/2~
Misc
3,9/2™
3, 13/2~
3, 17/2~



25/2~  2214.0 535.1 50(5)  1.07(2) 3, 21/2~
29/2~  2810.2 596.2  27(2)  0.93(2)  3,25/2°
33/27  3392.7 582.5  26(6) 1.04(1)[g] 3, 29/2~
37/27  3974.3 581.6  21(6) 1.04(1)[g] 3, 33/2~
41/2=  4557.3 583.0 17(4)  1.04(1)[g] 3, 37/2~
45/2=  5186.7 629.4 13(1)  1.11(2) 3, 41/2-
49/2  5890.3 703.6  6.5(8) 1.01(3) 3, 45/2"

683.7  0.9(4) 4,452~
5327 6643.0 7527 53(5) 1.04(3) 3, 49/2~
57/27  T438.7 7957  2.8(4) 0.98(3)  3,53/2"

7644 <03 5, 53/2"
61/2-  8294.3 855.6  1.9(3) 1.13(5)  3,57/2"
65/2~  9206.9 912.6  0.8(4) 3,61/2"
69/2~  10158.8 951.9 <03 3, 65/2"

Band 4: v = +1/2

45/2-  5206.7 6494  2.2(3) 0.94(4) 3, 41/2-
(49/27)  5849.6 642.9  0.4(1) 4, 45/2-
3348 0.5(1) 4, 47/2"
662.9  1.3(2) 3, 45/2~
53/27)  6593.3 7437 0.8(1) 4, (49/27)
57/27)  TA05.5 8122 0.6(1) 4, (53/27)
61/27)  8278.1 8726  <0.3 4, (57/27)
65/27)  9204.8 926.7 <0.3 4, (61/27)
Band 4: o = —1/2
(47/27)  5514.8 308.1  0.8(1) 4, 45/2-
3280  0.6(1) 3, 45/2~
51/27)  6205.8 7407 1.7(2) 1, (47/27)
55/27)  698T.7 7819 1.5(2) 4, (51/27)
59/27)  7830.3 8426  1.3(2) 4, (55/27)
63/27) 8744.9 914.6 0.9(1) 4, (59/27)
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53/2~
57/2-

61/2-
65/2"
69/2"

3/2+
7/2+

11/2+
15/2+
19/2+
23/2+
27/2+
31/2F
35/2F
39/2F

5/2+
9/2+

13/2+

17/2+

21/2+

6674.3 784.0 1.5(2)  0.84(5)
74717 797.4 0.9(2)
8288  1.2(1)
8324.4 852.7  1.4(2)
9222.6 898.2  0.8(1)
10143.7 921.1  0.3(1)
Band 6: 7d3/5[411]1/2 o = —1/2
0.0

233.1 2331 56(6)[¢] 0.83(2)
138.1  6.0(6)[¢] 0.69(4)

610.6 3775 22(2) (2)
1091.2 480.6 19(2)  0.95(5)
(2) (3)

(3)

(4)

1638.9 547.7 15(2)  1.02(3
2222.2 5833 9.6(9)  1.09(3
2821.2 599.0  2.9(5)  0.78(4
3346.4 525.2  0.9(4)
3880.8 5344 0.3(2)
4489.5 608.7 < 0.3

Band 6: mds,[411]1/2 o = +1/2
175.9 175.9 ~4le]  0.72(7)
503.2 327.3 8(2)  0.85(5)

270.2 8(2)  0.81(5)
(6)

940.1 436.9 12(2)  0.97(6
3295  2.9(7)
1456.9 516.8 8(3)

365.7  2.1(6)  0.62(4)
2019.4 562.5  4.8(8)
3805  0.9(4)
Band 7: mds5[402]5/2 o = +1/2
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3,49/2-
5, 53/2"
3, 53/2"
5, 57/2"
5,61/2-
5,65/2"

6, 3/2+
7, 5/2+
6, 7/2+
6, 11/2F
6, 15/2F
6, 19/2F
6, 23/2F
6, 27/3"
6, 31/2F
6, 35/2"

6,3/2F
6,5/2F
6, 7/2F
6,9/2F
6, 11/2F
6, 13/2%
6, 15/2%
6, 17/2+
6, 19/2+



5/2+ 94.9 94.9  ~64[¢] 0.73(5)  6,3/2T
9/2+ 375.0 280.1 26(2) 0.83(4)[g] 7, 5/2"
169.6  69(4) 081(2)  7,7/2F
13/2F  791.2 4162 83(6) 091(2)  7,9/2F

)
) (
120.0 28(1)  0.84(6) 9, 7/2F
) (
) 0.79(1)[g] 7, 11/2+

216.3 55(4
1341 5.4(4) 081(8) 9, 11/2F

17/2+ 12853 494.1 95(7)  0.93(2) 7, 13/2"
248.9  49(4)  0.79(2) 7, 15/2F
1289  2.7(2) 9,15/2"
21/2+  1820.2 534.9 =100 0.95(4)  7,17/2"
262.7  39(4)  0.79(4)  7,19/2F
25/2% 23280 507.8  77(6) 1.01(5)[g] 7, 21/2"
239.0  55(5) 0.77(2)[g] 7, 23/2"
29/2+  2781.0 453.0  36(3) 0.97(3) 7, 25/2F
2147  61(5) 0.79(1)[g] 7, 27/2"
33/2F  3212.0 431.0  22(2) 0.91(4) 7, 29/2F
2437  36(3) 0.75(12) 7, 31/2F
2045  7.1(7) 0.66(4) 8, 31/2"
396.6  3.8(6) 0.78(4) Misc, 20/2"
37/2F  3720.8 508.8  29(4) 1.01(5)[g] 7, 33/2"
294.0  24(2)  0.72(4) 7, 35/2"
246.7  5.9(6) 8, 35/2"
41/2F  4304.7 583.9  31(3)  1.14(4) 7, 37/2"
313.8  22(4) 0.74(2)[g] 7, 39/2"
278.8  54(7) 0.83(4)[g] 8, 39/2"
45/2F 49205 615.8  23(4) 1.07(3)[g] 7, 41/2*
3125 20(4)  0.74(2)[g] 7, 43/2F
49/2+  5550.4 629.9  20(2) 1.03(14) 7, 45/2F
314.4 13(3)  0.74(2)[g] 7, 47/2*
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53/2+
57/2+
61/2+
65/2+
69/2+
73/2+
77/2+
81/2F

85/2+

7/2+
11/2+

15/2+

19/2+

23/2F

27/2+

31/2+

6221.7

6963.5

7785.9

8685.5

9654.2

10681.4

11756.6

12872.0
14025.7

Band 7: 7d5/5[402]5/2 a =

205.5
974.9

1036.5

1557.5

2089.1

2566.4

2968.3

671.3
333.4
741.8
364.7
822.4
396.7
899.6
421.9
968.7
1027.2
1075.2
11154
1153.7

110.6
369.4
199.9
143.1
319.8
461.6
245.2
97.0
521.0
2724
531.6
268.8
477.3
238.3
401.9
187.2

7,49/2+
7,51/2+
7, 53/2+
7, 55/2+
7, 57/2%
7, 59/2+
7,61/2+
7, 63/2%
7, 65/2%
7, 69/2%
7, 73/2%
7, 77/2+
7,81/2+

7,5/2+
7,7/2+
7,9/2+
9,9/2+
9,7/2+
7,11/2+
7, 13/2+
6, 13/2+
7, 15/2+
7, 17/2%
7,19/2%
7,21/2+
7,23/2%
7, 25/2+
7, 27/2%
7,29/2%



35/2+

39/2+

43/2+

A7/2+

51/2+

55/2+

59/2+

63/2+

67/2+

71/2F

752+

79/2+

33/2+
37/2+

41/2+

3426.9

3991.0

4608.0

5235.9

5888.3

6598.8

7389.1

8263.4

9219.5

10250.3

11346.0

12486.1

3253.3
3772.5

4360.7

1532 2.5(2) 0.62(10) Misc, 29/2F
3333 5.8(5) 0.90(5) Misc, 27/2F
458.6  30(3) 1.09(8) 7, 31/2F
214.9  30(4) 0.79(1)[g] 7, 33/2"
5641 38(3) 1.19(5) 7, 35/2F
270.1 23(2)  0.68(3)  7,37/2%
617.0  25(3) 1.07(3)[g] 7, 39/2"
303.3  23(2)  0.74(2) 7, 41/2F
2476  1.9(4) 8, 41/2+
582.0  9.4(9) 0.80(8) 8, 39/2F
627.9  23(2) 1.04(9)  7,43/2"

3155  22(4) 0.74(2)[g] 7, 45/2F

652.4  20(2 7,47/2%
3380  14(1 7,49/2%

(2)
(4)
(2) (8)
(1) (3)
7105 13(1)  1.16(5) 7, 51/27
(1) 3)
(1) (6)
(1)
(1)

377.2 13(1)  0.69(3) 7, 53/2F
790.3 12(1)  0.92(6)  7,55/2F
425.7  10(1 7,57/2%
874.3 10(1)  0.96(12) 7, 59/2F
4777 5.8(8) 7,61/2F
956.1  6.0(7) 0.96(7) 7, 63/2"
1030.8  1.8(4) 7,67/2%
1095.7  0.8(4) 7, 71/2%
1140.1  0.3(2) 7,75/2+

Band 8: 7hy;pAF a = +1/2

2457 24(3)  0.74(5) 8, 31/2F
519.2 16(2)  1.12(9) 8, 33/2F
298.2 13(2)  0.80(4)  8,35/2F

588.2  11(1) 1.09(15) 8, 37/3F
3342  5.0(5) 0.78(8) 8, 39/2F
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45/2% 5009.1 648.4 6.7

—

7)  0.80(6)  8,41/2+

3504  6.0(6) 0.94(14) 8, 43/2"
49/2F  5697.8 688.7  6.1(6) 1.03(11)[g] 8, 45/2"
3524 1.0(1) 8, 47/2F
53/2F 64222 7244 48(5) 8, 49/2F
3672 3.3(4) 8, 51/2F
57/2F 72143 7921 2.5(3) 8, 53/2"
3979  1.7(2) 8, 55/2F
61/2%  8085.8 8715  2.1(2) 8, 57/2F
65/2F  9030.9 9451  1.5(2) 8, 61/2"
69/2F  10020.3 989.4  0.8(1) 8, 65/2T
(73/2%)  (11032) (1012) <03 8, 69/2T

Band 8: 7Th11/2AF o = —1/2

31/2F  3007.6 4413 20(2) 1.00(5) 7, 27/2F
226.6  32(3) 0.72(2) 7, 29/2"
35/2F 34743 466.7  28(3)  0.99(4) 8, 31/2F
2211 83(9) 059(8) 8, 33/2"
262.2  8.8(9) 0.64(4) 7, 33/2"
39/2F  4026.3 552.0 19(2)  0.99(6) 8, 35/2F
253.9  8.6(8) 8, 37/2F
43/2F  4658.6 632.3  6.9(7) 0.97(10) 8, 39/2"
298.0  4.6(5) 0.80(4) 8, 41/2F
667.3 14(2)  1.00(7)  7,39/2F
A7/2F 53454 686.8 11(1)  1.03(11)[g] 8, 43/2F
336.4  4.4(5) 8, 45/2F
51/2%  6054.8 7094  6.9(7) 1.13(13) 8, 47/2F
3571 1.7(2) 8, 49/2F
55/2t  6816.2 7614 3.8(4) 8, 51/2F
3942 0.9(1) 8, 53/2"
59/2t 76547 8385  2.7(3) 8, 55/2T
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63/2+

9/2+

13/2+

17/2+

21/2+
25/2+

7/2+

11/2+

15/2+

19/2+

21/2+

25/2+

29/2+

33/2F
37/2F
41/2+
45/2F
49/2+

8564.6

909.9

1,2(1)

Band 9: 7g7/5[404]7/2 a = +1/2

432.2

874.5

1394.5

1950.7
2463.1

337.1
177.3
442.3
217.5
520.0
556.2
512.4
642.7

~11[e]
~21f]
11(1)
4.0(5)
9(1)
5.8(7)
3.5(5)
5.4(6)

0.99(8)
0.75(4)
0.87(4)
0.92(8)
0.87(4)
(7)

1.12(7

Band 9: 7g7/5[404]7/2 a = —1/2

254.9
656.9

1156.5

1722.9

2057.2

24777

2963.1

3480.5
4045.5
4661.3
5326.5
6035.9

160.0
402.0
224.8
499.6
282.2
566.4

Band 10:

771.9
600.3
420.5
526.9
458.1
485.4
500.0
517.4
565.0
615.8
665.2
709.4

~68]e]
11(2)
7.5(9)
7.9(9)
1.4(3)
3.3(4)

4

0.76(3)

0.86(20)

7Ti13/2 [660]1/2
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1.7(2)

1.06(8)

8, 59/2+

7,5/2F
9,7/2%
9,9/2F
9,11/2F
9,13/2"
9,17/2"
9,21/2F
7,21/2+

7,5/2+
9,7/2+
9,9/2+
9,11/2+
9, 13/2%
9, 15/2+

7,17/2%
6, 17/2"
10, 21/2+
9,21/2F
6, 21/2"
10, 25/2+
9, 25/2F
10, 29/2+
10, 33/2+
10, 37/2+
10, 41/2+
10, 45/2+



53/2+
57/2+
61/2+
65/2+
69/2+
73/2+
77/2+
(81/2%)

35/2+
39/2+

43/2F

A7/2+

51/2F

55/2+
59/2+
63/2+
67/2+
71/2+
75/2+
79/2+

53/2+
57/2+

61/2+

6780.2
7566.1
8398.9
9280.3
10214.1
11200.7
12240.7
(13343)

4133.5
4688.1

5293.8

5949.9

6654.2

7406.6
8206.1
9054.8
9954.6
10906.6
11911.3
12968.4

6800.2
7596.6

8437.5

744.3 6.1(6)
785.9 4.0(2)
832.8 2.3(2)
881.4 1.7(2)
933.8 1.0(2)
986.6 0.8(4)
1040.0 0.3(2)
(1103) <0.3
Band 11: n, =1
653.0 0.4(1)
554.6 0.3(1)
642.6 0.6(1)
605.7 0.8(1)
632.3 0.8(1)
656.1 1.2(2)
623.2 0.8(1)
704.3 1.1(2)
(618) <0.3
752.4 0.9(2)
799.5 0.8(1)
848.7 0.7(1)
899.8 0.5(1)
952.0 0.3(1)
1004.7 <0.3
1057.1 <0.3
Band 12
764.3 1.1(1)
796.4 0.8(1)
(816) <0.3
840.9 0.7(1)
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0.50(8)

0.71(8)

1.03(6)
1.05(6)

10, 49/2+
10, 53/2+
10, 57/2*
10, 61/2+
10, 65/2"
10, 69/2+
10, 73/2*
10, 77/2*

10, 33/2+
11, 35/2+
10, 37/2+
11, 39/2+
10, 41/2+
11, 43/2+
10, 45/2+
11, 47/2+
10, 49/2+
11, 51/2+
11, 55/2+
11, 59/2+
11, 63/2+
11, 67/2+
11, 71/2+
11, 75/2+

10, 49/2+
12, 53/2+
10, 53/2+
12, 57/2+



65/2T 93321 894.6  0.4(1) 12, 61/2+
69/2F  10267.6 935.5 <03 12, 65/2+
(73/2%)  (11240) (972) <0.3 12, 69/2+

Miscellaneous Levels

527.8 3214 ~9[¢] 1,9/2"
2234.4 592.8  3.2(3) %a, 17/2~
27/2%  2635.0 546.0 16(2) 7,23/2F
29/2+  2815.1 487.1 13(1) 7,25/2%
2487 4.7(5) 7,27/2%
180.3  3.8(4) Misc, 27/2+

2Spin and parity of the depopulated state.

®Uncertainties in y-ray energies are 0.2 keV for most transitions, except for relatively weak transitions (< 1)
where 0.5-keV uncertainties are appropriate.

“Relative intensity of the transition with respect to the intensity of the 534.9-keV transition in band 7.
dIndicates the band and the state to which the v ray decays. The notation Misc refers to the miscellaneous
levels recorded at the end of this table.

¢Estimated based on total intensity balance.

fEstimated based on total intensity balance and branching ratio.

9Unresolved doublet.

36



TABLE II: Summary of configuration assignments and band crossing frequencies, iw,, observed in

167Ta.
Band Configuration® fuw, (MeV)
1 mhy1jp = mhyy 2 BC 0.29
mhi1/9BC — why1/9BCAD 0.35
2 mhi12AB = why12ABCD 0.41
3 mhy/y — Thg;s AB 0.29
4 (mds/2AEBC)
5 (md3/s AEBC)
6 md3 /9
7 mds o — mds 0 AB 0.24
Tds/9AB — Thyy o AE >0.24
mhy1 9 AE — whyy o AEBC 0.31
8 7hiy s AF — 7hyy ;s AFBC 0.35
9 Tg7/2
10 Tiy3/2
11 Ti13/2 M = 1
12 (mit3/2)

“Tentative configurations are displayed in parentheses.
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E (l) = [Eo(l+1) + Ey(I-1)}/2 (MeV)
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