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Excited states in '®*Ta have been identified for the first time using the °°Cd(®°Ni,3p) fusion evaporation
reaction. y rays were detected using the JUROGAM y-ray spectrometer and recoil discrimination was achieved
using the recoil ion transport unit (RITU) gas-filled separator in conjunction with the GREAT spectrometer
situated at the focal plane of the RITU. The yrast states are assigned to a strongly coupled rotational band based
on a why;,; configuration. This structure exhibits large signature splitting at low spins that disappears after the
paired band crossing because of the alignment of a pair of i3/, neutrons. This effect is ascribed to triaxial shape
changes induced by the core-polarizing properties of the deformation-aligned %, » proton and the rotation-aligned
i13/2 neutrons. Two additional strongly coupled band structures have been established and are discussed in terms
of octupole-vibrational and two-quasiparticle excitations built on the yrast structure. The experimental results
are compared with predictions from cranked-shell-model and total-Routhian-surface calculations.

DOI: 10.1103/PhysRevC.80.054316

I. INTRODUCTION

The light neutron-deficient odd-A tantalum isotopes are
predicted to have near-prolate deformations of 8, ~ 0.2-0.3
[1-3] and exhibit rotational bands built on different quasi-
particle configurations. This behavior has been observed
down to the N = 92 nucleus '®Ta [1]. Excited states have
also been observed in the lightest known '“'Ta [4] and
159Ta [5] nuclei. For these neutron-deficient nuclei, which
approach the N = 82 shell closure, mean field calculations
predict decreasing quadrupole deformation and softening of
the nuclear potential with respect to the triaxial deformation
parameter y. Depending on the magnitude and nature of the
nuclear deformation, the positions of different single-particle
orbitals will change relative to the Fermi surface. Odd-Z,
even-N nuclei in this mass region are therefore of key interest
because the coupling of the odd proton to the rotating deformed
even-even core can serve as a probe of the nuclear structure,
providing valuable tests of nuclear models.

One striking phenomenon observed in the neutron-deficient
odd-Z, even-N 7;Lu, 73Ta, 75Re, and 77Ir nuclei is the signature
splitting observed in the yrast band built on deformed high-K
Nilsson states of whyy/, origin. This is often illustrated by
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plotting the energy staggering of the energy levels for the
signature partner bands, which is generally found to increase
as the neutron number decreases to N ~ 90 [1,6-9]. The
increased signature splitting is believed to be associated with
a substantial negative y deformation (y < —15°). Given that
the nuclear potential is sufficiently soft (i.e., susceptible to
the deformation-driving effects of the valence particles), the
occupation of orbitals from the upper part of the why/
shell may drive a prolate-deformed nucleus toward negative
y deformations [10]. The experimentally observed occurrence
of signature splitting in this mass region can therefore be
qualitatively explained by the triaxial shapes induced by such
configurations.

Nuclei exhibiting a potential energy surface that is soft
with respect to changes in the nuclear shape are naturally
susceptible to shape vibrations. y- and B-type vibrational
excitations are commonly observed in the rare-earth region.
Octupole vibrations are, however, much less prolific. Micro-
scopically, correlations between single-particle levels differing
by Al = Aj = 3 can induce octupole-vibrational excitations,
but it appears that the conditions necessary for this to occur are
rarely met across the nuclear chart. For '%3Ta, the Fermi level
at a moderate quadrupole deformation lies close to Nilsson
states of ds» and hyj/, parentage for protons and close to
Nilsson states of f7,, and i3/, parentage for neutrons. Hence,
it is a favorable case to search for experimental evidence of
octupole-vibrational excitations.

This work reports on the first observation of excited
states in '93Ta. Three distinct rotational band structures are
found. The underlying configurations are discussed in terms
of the deduced rotational and electromagnetic properties and
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compared with results from cranked-shell-model (CSM) and
total-Routhian-surface (TRS) calculations.

II. EXPERIMENTAL DETAILS

The experiment was performed at the Accelerator Labo-
ratory of the University of Jyviskyld employing the K130
cyclotron. Excited states in '3Ta were populated using the
106Cd(%Ni,3 p) fusion-evaporation reaction at a bombarding
energy of 270 MeV. The enriched '°°Cd target consisted of a
500 wg/cm? self-supporting metallic foil. The average beam
intensity was ~4.4 pnA over 6 d of irradiation time. Prompt
y rays were detected at the target position by the JUROGAM
array consisting of 43 EUROGAM phase I and GASP-type
[11,12] Compton-suppressed high-purity germanium detec-
tors. The germanium detectors were distributed in six rings at
six different angles relative to the beam direction, with five
detectors at 158°, ten at 134°, ten at 108°, five at 94°, five at
86°, and eight at 72°. In this configuration, JUROGAM had a
total photopeak efficiency of 4.2% at 1.3 MeV.

The fusion-evaporation products were separated in flight
from fission products and scattered beam particles using the
RITU gas-filled recoil separator [13,14] and subsequently
implanted at the focal plane into the double-sided silicon
strip detectors (DSSDs) of the GREAT spectrometer. The
GREAT [15] spectrometer is a composite detector system
that, in addition to the two DSSDs, comprises a multiwire
proportional counter (MWPC), an array of 28 Si PIN diode
detectors, a segmented planar germanium detector, and a
clover germanium detector. Each DSSD has an effective area
of 60 x 40 mm?, with 200 individual strips at a pitch of
1 mm in both directions, leading to 4800 independent pixels
in total. Two additional clover germanium detectors were
placed around the focal plane for the detection of delayed
y rays in this experiment. All detector signals were recorded
independently using a triggerless total-data-readout (TDR)
acquisition system [16], by which they were given a time
stamp of 10-ns precision. This allowed for accurate temporal
correlations between prompt y rays detected at the target
position and recoil implants at the RITU focal plane and for
their subsequent radioactive decays to be performed. Spatial
and temporal correlations in the recorded data were analyzed
on and off line using the GRAIN software package [17].

The recoil-decay-tagging (RDT) technique [18,19] can
be used to identify prompt y-ray transitions in some nu-
clides by correlating them with subsequent characteristic o
decays detected in the DSSDs of the RITU focal plane.
However, a clean, prompt y-ray spectrum containing only
y-ray transitions belonging to '®*Ta could not be obtained
in this way. With the relatively high count rate of ~3 kHz
in the DSSD during the experiment, the long correlation
time between recoil implantations, and the o decay of '3Ta
(t12 = 10.9(14) s [20] and b, ~ 0.2% [21]), the probability
was high that a second (or further) recoiling residue would
strike the same pixel in the DSSD before the first residue had
time to « decay. Therefore, identification and assignments of
y-ray transitions from excited states of '%*Ta had to be made
from a recoil-correlated spectrum. The recoiling residues were
discriminated from scattered beam components by means of
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the energy loss (AE) in the MWPC and the time of flight
between the MWPC and the DSSD.

In the off-line analysis, the JUROGAM data were used to
construct a three-dimensional symmetric £, -E,,-E,, cube
and asymmetric matrices for determination of y-ray mul-
tipolarities by means of directional correlation of decays
from oriented states (DCOs). Coincidence relationships in the
matrices and the cube were established using the RADWARE
software package [22].

III. EXPERIMENTAL RESULTS

Part of the a-particle energy-decay spectrum of all the
radioactive decays in the DSSD following a recoil implantation
can be seen in Fig. 1. The spectrum is produced by applying
a maximum correlation time of 30 s between a recoil
implantation and the subsequent decay. Although '6*Ta has
a very weak a-decay branch (b, =~ 0.2%), the 3p reaction
channel is by far the strongest in the experiment; hence, a
peak from its « decays can be clearly seen at an energy of
E, = 4630keV. Using the background-subtracted intensity
for the '3Ta « peak, for which the entire a-particle energy
was deposited in the DSSD, an average «-decay rate of 143 o
particles per minute could be determined. Assuming a 4.4-pnA
average beam intensity, a 0.2% «-branching ratio, a 40%
transmission through the RITU, and a 55% efficiency for a
full a-energy deposition in the DSSD, a cross section for the
%ONi + 19Cd — !63Ta* + 3p reaction of around o &~ 70 mb
is estimated.

Figure 2(a) shows a prompt JUROGAM spectrum contain-
ing y rays associated with an implanted fusion-evaporation
residue in the DSSD. The y rays from the main fusion-
evaporation channels are marked with various symbols as
indicated in the legend. In addition, the three-particle exit
channel leading to '3W (2pn) and four-particle exit channel
leading to '>W (2p2n) are shown in Figs. 2(b) and 2(c).
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FIG. 1. a-particle energy spectrum from radioactive decays in
the DSSD correlated with a preceding recoil implantation in the same
pixel. A maximum correlation time (search time) of 30 s is set between
a recoil implantation and the subsequent radioactive decay. The
o decays from some of the most strongly populated fusion-
evaporation channels are indicated above their respective peaks.
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FIG. 2. (Color online) (a) y-ray energy spectrum in coincidence
with any fusion-evaporation residue detected in the DSSD. (b) Recoil-
mother-daughter-granddaughter-tagged y-ray energy spectrum of
183W. (c) As in (b), but correlated with the a-decay chain starting
with 192W [23]. When correlating the decays, the search time between
subsequent o decays is set to about three half-lives in all cases.

Gamma rays from '©W and 'W are visible in the recoil-
correlated spectra [Fig. 2(a)]. The long and cleanly correlated
o chains for W and '>W enable reliable identification of
y rays from these two competing channels in agreement with
the previous observation by Dracoulis et al. [23]. Other strong
fusion-evaporation channels are the 2p and 4p channels,
leading to 164y [24] and '92Hf [25], respectively. The most
intense y rays, previously assigned to these nuclei, are also
indicated in Fig. 2(a).

Because of the unfavorable «-decay characteristics of '93Ta,
it was not possible to assign y rays to '93Ta with the traditional
RDT technique by correlating with the subsequent « decays.
However, based on the expected population intensity of the 3p
exit channel, the identification of y rays from the strongest
competing fusion-evaporation exit channels, and Ta x-ray
coincidences, the y-ray transitions indicated in Fig. 2(a) are
assigned to originate from decays of excited states in '6Ta.
In addition, several of the strongest y rays here assigned
to '93Ta have previously been associated with A = 163 [26]
using the Daresbury recoil separator. All the y rays detected
in coincidence with these transitions in the recoil-correlated
spectrum and with Ta x rays could therefore, without any
ambiguity, be assigned to originate from '63Ta.

The y rays in coincidence with an implanted recoil in the
DSSD were sorted into a symmetric E,, -E,,-E,, coincidence
cube and analyzed using the LEVITSR software package [22].
The resulting level scheme for '®3Ta is presented in Fig. 3.

Spin assignments are based on the electromagnetic prop-
erties of the y-ray transitions and on the systematics of
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the heavier odd-A tantalum isotopes '©Ta and '%’Ta [1,2],
which reveal level schemes similar to that for '3Ta. Further
details concerning spin assignments are discussed in Sec. IV.
Multipolarities for the strongest transitions in '3Ta have
been deduced using a DCO analysis. Using this method the
intensity of y rays measured in the detectors at 94° and
at 158° relative to the beam direction were sorted into an
asymmetric yy-coincidence matrix. The DCO ratios could
then be determined through the relation

I, at 6y; gated by y, at 6,

(D

R = )
bco I,, at 6,; gated by y» at 6,

where y; and y; are two transitions in mutual coincidence and
0, and 6, correspond to detectors situated in ring 1 (158°)
and ring 5 (94°) relative to the beam direction, respectively. In
the JUROGAM geometry, if the gating transition is of a pure
stretched quadrupole character, the theoretical values of the
Rpco ratios are ~0.5 for a pure stretched dipole (M1 or E1)
transition and ~1.0 for a pure stretched quadrupole (M2 or E2)
transition, respectively. The y -ray energies, relative intensities,
DCOratios, gating transitions, and level spin assignments from
the decays of excited states in '®3Ta are listed in Table L.

The yrast band structure (labeled as Band 1 in Fig. 3) is
a strongly coupled band that extends to spin / = 57/2 and
excitation energy E, = 7212keV relative to the bandhead.
Figure 4(a) shows a y-ray spectrum in coincidence with the
288-keV transition. In this spectrum all the y -ray transitions in
Bands 1-3 are visible except the 333- and 433-keV transitions.
Figure 4(b) shows only the y-ray transitions from Band 1.
The spectrum is produced by summing the 288, 144, 393,
176, and 475 gates, in each case requiring an additional
coincidence with the 201-keV transition. For the lower part
of Band 1 the intensity flows mostly via the E2 transitions
of the favored o = —1/2 signature, while for the upper part,
above the backbend at spin / > 31/27, the intensity is carried
largely by M1 transitions. No transitions depopulating the
bandhead have been identified, even though it is not expected
to be the ground state. The yrast band structure is associated
with the [514]9/2~ Nilsson configuration (as discussed later
in this article) and is expected to lie at a rather low excitation
energy and to constitute the o-decaying isomeric state with a
10.9-s half-life. Any y rays depopulating this state could be
low in energy and thus below the observable threshold of the
focal plane Ge detector. The y-ray transition depopulating the
11/27 level feeding the 9/27 level would have an energy of
only 45keV. It is not observed in the coincidence spectra in
Fig. 4 because it is highly converted and close to the energy
threshold of the Ge detectors. Its placement in the level scheme
is therefore tentative.

Two additional strongly coupled band structures feeding
the yrast band have been observed (labeled as Bands 2 and 3
in Fig. 3). Band 2 depopulates into Band 1 at low spins. The
DCO ratios for the 649-, 855-, 900-, and 1070-keV connecting
transitions are consistent with A/ =1 transitions of dipole
character. They are assigned (see Sec. IV) as E'1 transitions.
Band 2 consists of strong M1 transitions and generally weak
E?2 transitions and extends to spin / = 25/2 and a relative
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excitation energy of E, = 2411keV above the bandhead of
Band 1.

Band 3 is also consistent with a strongly coupled structure
comprising stronger M 1 transitions connecting the two signa-
ture partner bands and weaker E2 transitions, extending to spin
I = 49/2 and an excitation energy E, = 5911 keV relative to
the bandhead of Band 1. y-ray transitions in Bands 2 and 3 can
be viewed in Fig. 4(c). The spectrum is produced by summing
all the gates on the M1 y-ray transitions in Band 3 and
requiring additional coincidence with the 132-keV transition.
Almost all intensity between Bands 3 and 2 flows through
the 132-keV transition, which is assigned to be of stretched
M1 character. The 357- and 252-keV transitions depopulating
Band 3 and feeding Band 2 are too weak for any DCO
ratios to be deduced. However, because they both most likely
change the spin by 27 as established from the coincidence
relationships, they are interpreted as being predominantly of
stretched E2 character. This makes the M 1 dipole assignment
of the 132-keV transition and the spin and parity assignments
of Band 3 consistent.
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FIG. 3. Level scheme for '®*Ta as
deduced in the present work. y rays are
labeled with transition energies in keV.
The intensity of the transitions is pro-
portional to the width of the arrows. The
tentative 45-keV transition in Band 1 was
not observed directly but is inferred from
the presence of the 333-keV transition.

IV. DISCUSSION

The rotational band structures observed in '93Ta are
consistent with moderately deformed shapes with 8, =~ 0.2
(see below). Several Nilsson states are expected to lie close
to the Fermi surface in '®3Ta at such a deformation. For the
heavier tantalum isotopes (e.g., '®“Ta), five bandheads are
predicted to be below 500 keV [3]. The Nilsson orbitals close
to the proton Fermi level are /1> [514]19/27, hojp [541]1/27,
872 [40417/2%, ds;> [40215/2%, and d3p [411]1/2F. The
positive-parity states based on the spherical ds;, and d3),
subshells are generally associated with the ground states in
the heavier Ta isotopes [2,3]. Configuration assignments of the
bands in '%3Ta are made later in this article based on the system-
atics of neighboring isotopes and isotones and on the properties
of the bands by examining B(M 1)/ B(E2) ratios, quasiparticle
alignments, and band-crossing frequencies. In Fig. 5, the
experimental Routhians and the alignments are plotted for
the bands in '93Ta. A rotational reference, with a rotational
moment of inertia defined by the Harris parameters [27]
Jo = 2172 MeV~! and J; = 63h* MeV 3, was subtracted to
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TABLE I. y-ray energies, relative intensities, DCO ratios, gating
transitions, and spin-parity assignments for !*Ta. Intensities (/, ) are
adjusted for detector efficiencies and normalized to the strongest
transition at E, = 288keV. Statistical uncertainties are given in
parentheses. All spin and parity assignments are tentative.

E, (keV) I, (%) Rpco Gate JF— J}?
Band 1
(45)* 11/2= - 9/2~
141.6(4) 10.0(3) 31/2= - 29/2~
144.2(3) 34.0(7) 0.73(10) 569 15/27 — 13/2~
175.9(4) 9.2(4) 0.71(11) 433 19/2= - 17/2~
195.1(2) 4.4(5) 23/27 — 21/2°
201.0(3) 30.4(10) 0.70(8) 433 33/27 — 31/2~
209.8(2) 4.4(5) 27/2 — 25/2~
220.4(2) 30.0(9) 0.81(10) 433 35/27 — 33/2~
244.3(3) 28.0(7) 0.66(9) 433 37/2- — 35/2~
279.1(2) 20.8(8) 39/2- — 37/2°
283.4(2) 19.8(7) 41/27 — 39/2-
288.1(3) 100.0(13) 0.86(8) 569 13/2= = 11/2~
306.3(3) 15.2(7) 43/27 — 41/2-
325.0(3) 11.2(8) 45/27 — 43/2-
333.1(4) 10.0(6) 13/2= — 9/2~
339.3(4) 4.8(6) 47/2- — 45/2~
342.6(7) 1.0(7) 33/27 — 29/2~
355.2(5) 6.0(7) 49/2- — 47/2~
370.0(2) 4.8(6) 51/2= — 49/2~
379.8(3) 2.4(5) 53/27 — 51/2~
393.4(2) 46.3(9) 0.95(10) 433 17/2= — 15/2~
402.3(4) <1 55/27 — 53/2~
414.1(5) 1.5(4) 57/2~ — 55/2~
421.3(3) 5.6(7) 35/2- — 31/2~
432.9(4) 88.0(13) 1.01(9) 569 15/2= — 11/2~
464.7(2) 6.8(5) 37/2- — 33/2~
475.3(2) 21.2(7) 0.83(12) 569 21/27 — 19/2~
494.3(2) 15.2(4) 29/27 — 27/2°
523.3(4) 8.4(3) 39/2- — 35/2~
531.0(2) 9.6(8) 25/27 — 23/2~
538.2(3) 35.6(9) 17/2- — 13/2~
562.8(3) 10.8(5) 41/2- — 37/2-
569.2(2) 79.6(11) 1.07(8) 433 19/2= — 15/2~
589.6(3) 6.8(4) 43/2- — 39/2~
631.7(4) 8.4(3) 45/27 — 41/2-
636.5(4) 29.509) 1.17(12) 433 31/27 — 27/2~
651.2(2) 30.0(9) 1.25(19) 433 21/27 — 17/2~
665.1(3) 6.0(6) 47/27 — 43/2°
670.5(4) 54.0(6) 1.13(12) 433 23/27 — 19/2~
693.6(3) 3.6(4) 49/27 — 45/2~
703.9(4) 14.8(6) 29/27 — 25/2~
723.9(4) 5.2(5) 51/2= — 47/2~
726.3(3) 13.6(5) 25/27 — 21/2-
740.1(3) 44.4(10) 1.08(14) 433 27/2- — 23/2~
750.3(4) 2.03) 53/27 — 49/2~
781.8(5) 1.2(3) 55/27 — 51/2~
815.3(4) <1 57/2- — 53/2~
Band 2

178.5(4) 3.2(5) 19/2F — 17/2%
221.1(3) 8.4(3) 21/2% — 19/2%
224.6(4) 21.6(7) 0.93(14) 433 23/2F — 21/2*
235.1(5) 1.2(5) 17/2% — 15/2%
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TABLE 1. (Continued.)

E, keV) I, (%) Rpco  Gate JT=>J7
240.1(3) 9.2(7) 25/2% — 23/2%
399.2(4) 2.4(7) 21/27 — 17/2*F
413.3(3) 2.4(5) 19/2F — 15/2%
445.2(3) 14.0(6) 1.0(12) 433 23/2% — 19/2%
464.1(2) 2.0(5) 25/27 — 21/2*F
648.6(3) 18.8(6) 0.61(20) 569 23/2F — 21/2~
854.8(4) 24.4(7)  0.73(18) 433 19/2F — 17/2~
899.6(3) 22.4(7) 0.69(14) 433 21/2" — 19/2~
979.9(4) 2.8(3) 15/2% — 13/2~
1069.7(3) 6.05) 0.63(22) 433 17/2" — 15/2~
Band 3
118.6(3) 26.4(7) 0.76(21) 433 27/2F — 25/2%
131.9(3) 31.6(8) 0.76(19) 433 25/2% — 23/27(Band 2)
161.1(4) 24.48) 0.98(17) 433 29/2F — 27/2%
215.2(4) 23.2(7) 0.75(18) 433 31/2% — 29/2%
246.6(3) 20.8(6) 33/2T — 31/2*F
252.1(3) 2.4(3) 27/2% — 23/2%(Band 2)
262.9(4) 19.2(4) 35/2T — 33/2%
280.3(5) 4.0(5) 29/2T — 25/2*F
301.1(4) 10.8(6) 39/2F — 37/2%F
322.3(3) 13.2(5) 37/2% — 35/2%
328.4(3) 5.2(4) 43/2F — 41/2°F
350.7(5) 1.2(4) 47/2% — 45/2%F
357.3(6) 2.8(4) 25/2% — 21/2*(Band 2)
376.3(4) 2.4(3) 31/2T — 27/2*F
387.7(4) 7.2(6) 41/2% — 39/2%F
438.2(3) 3.2(5) 45/2% — 43/2+
461.6(4) 7.3(6) 33/2T — 29/2*F
476.4(3) 1.2(4) 49/2F — 47/2%F
509.4(3) 10.8(7) 35/2% — 31/2*
585.1(4) 7.2(5) 37/2T — 33/2*F
623.3(3) 11.4(6) 39/2% — 35/2%
688.5(4) 6.4(5) 4172t — 37/2+
715.7(4) 9.6(6) 43/2F — 39/2*F
766.5(4) 3.2(4) 45/2F — 41/2%
789.1(3) 4.8(5) 47/2% — 43/2+
826.6(5) 2.4(4) 49/2F — 45/2°F

#The transition is not observed directly but inferred from systematics
and the presence of the 333-keV transition.

give a near-constant alignment for the low-spin states. The
quasiparticle labeling scheme for the Nilsson orbitals closest
to the Fermi surface used in this article is given in Table II.

A. Band 1

The low-spin part (below spin 7 < 31/2) of the yrast
sequence (Band 1; see Fig. 3) is interpreted as a one-
quasiparticle (1gp) configuration (e and f configuration), where
the odd proton is residing in the [514]9/2~ Nilsson orbital,
in agreement with the assignment established for the yrast
structures in the heavier '719Ta isotopes. At low spins
the band has an alignment of i, ~ 1.6k, which is consistent
with the [514]9/27 Nilsson (e) configuration. At a rotational
frequency hiw ~ 0.28 MeV the band exhibits a characteristic
backbend, as seen in the alignment plot [Fig. 5(b)].
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FIG. 4. Coincidence y-ray spectra generated from a recoil-gated E,, -E,,-E,, coincidence cube with transition energies given in keV.
(a) Spectrum showing y rays in coincidence with the 288-keV transition. (b) Spectrum showing y rays in coincidence with the 201-keV
transition and a sum of gates from the 288-, 144-, 393-, 176-, and 475-keV transitions of Band 1. The spectrum shows members of Band 1 only.
(c) Spectrum gated by the 132-keV transition and the sum of gates from all the M1 transitions in Band 3, displaying y rays found in Bands 2

and 3 and the lowest members of Band 1.

The structure above the backbend is interpreted as a three-
quasiparticle (3qp) configuration following the breaking of a
vi13/2 neutron pair, with the resulting alignment gain of Ai, ~
10.2%. The crossing frequency predicted by CSM calculations
is hiw ~ 0.26 MeV, which is in excellent agreement with the
observed one. Such AB crossings are observed systematically

TABLE II. Labeling convention of the lowest Nilsson orbitals
considered for '3Ta described by their parity and signature quantum
numbers. Uppercase (lowercase) letters denote neutron (proton)
configurations.

Shell-model label Nilsson label (m, «) Label
Vi3 1/2*1660] (+,+1/2) A
Vi13/2 1/2+[660] (+,-1/2) B
Viga 3/27[651] (+,+1/2) C
Vi3 3/2%[651] (+,—1/2) D
vhop/fi2 5/27(523] (= +1/2) E
vhop/fa 5/27[523] (= —1/2) F
wdy 1/2%[411] (+, +1/2) a
JTd3/2 1/2+[41]] (+,—]/2) b
812 7/27[404] (+,+1/2) c
7812 7/27[404] (+,—1/2) d
7'[/’111/2 9/27[514] (=, —1/2) e
7Th11/2 9/27[514] (_,+1/2) f

at similar rotational frequencies in even-N nuclei through-
out this mass region. For instance, the observed crossing
frequency and the gain in alignment are identical to those
in the even-even neighboring isotone '?Hf (i = 0.28 MeV,
Ai, = 10.2%) [25]. For the heavier odd-A isotopes '~1°Ta
the experimentally observed AB-crossing frequencies are
generally slightly lower, iw = 0.24-0.26 MeV, than in '63Ta.
The same trend can be observed in the odd-A isotopes '®Re
and '97Re [7,28] and in '"'Ir and '®°Ir [6,29], where the
alignment is delayed by ~50keV to higher frequencies when
the neutron number changes from N =94 to N = 92. CSM
calculations predict this shift to be ~50keV between the
tantalum isotopes with N = 92 (!9 Ta) [1]and N = 90 ('®3Ta),
an expected consequence of the lowering of the neutron Fermi
level below the i;3/> shell. The same CSM calculations also
predict a slight reduction in the interaction strength between
the 1gp band and the S band (3qp band following the AB
crossing) for '3Ta as compared to the heavier Ta isotopes, and
this is indeed also observed.

To confirm the configuration assignment for the strongly
coupled yrast band, B(M1; I — I —1)/B(E2; I - [ —2)
ratios have been extracted from the experimental branching
ratios of competing A/ = 1and Al = 2 y-ray transitions. The
B(M1)/B(E?2)ratios are sensitive to the single-particle config-
uration, as well as to the nuclear quadrupole deformation. The
experimental ratios were compared to theoretical estimates
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FIG. 5. (Color online) (a) Experimental Routhians for the bands
seen in '%Ta. (b) Experimental aligned angular momenta, i, relative
to a core reference iy = Jow + Jiw® with Jy = 2152 MeV~' and
Ji = 63h* MeV 3 for positive and negative parity bands in '®*Ta. In
(a) and (b), the positive (negative) signatures are indicated with solid
(open) symbols.

using the semiclassical formalism of Donau and Frauendorf
[30] and Donau et al. [31]. The theoretical calculations use
the deformation parameters 8, and y obtained from our TRS
calculations: 8, = 0.177 and y = —15° for the low-spin part
of the band and a slightly smaller quadrupole deformation
of B, = 0.170 and y = 0° for the high-spin states above the
backbend. The single-particle g factors were obtained through
the prescription of Schmidt [32] and calculated tobe g, = 1.21
for the Ay, proton orbital. Where possible, experimental
g factors have been employed for the various quasiparticles
involved in the calculations. The rotational g factor ggr was
taken to be Z/A = 0.448 and the alignments were extracted
from the experimental data as described in the caption of
Fig. 5. The E2/M1 multipole mixing ratios § were set to
ZEero.

Several possible configurations and deformation parame-
ters are given in Fig. 6 to compare the theoretical estimates
with the experimentally extracted branching ratios. For Band
1 below the AB crossing, the data points are in best agreement
with this calculation if we assume a negative y deformation
(y = —15°) rather than an axially symmetric shape (y =
0°). This could be a result of the hjj, valence proton
driving the nucleus toward negative y deformation, giving rise
to the large energy splitting of ~140 keV at low spins between
the signature partners in the yrast band of '3Ta by means
of enhanced K-mixing, as discussed later in this article.
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FIG. 6. (Color online) Experimental B(M]1; [ — [ —1)/
B(E2; I — I —2) values as a function of initial spin /; for the
strongly coupled bands in '9*Ta. The measured values are compared
to the predictions of the semiclassical model of Donau and Frauendorf
[30] and Donau et al. [31]. (a) Values for the [514]9/2~ band (Band 1),
before and after the AB crossing [e(f) and eAB(fAB) configuration,
respectively], are shown here for different y deformations, as
described in the text. A slight staggering of the experimental values
is observed between the favored (@« = —1/2) and unfavored (o =
+1/2) signature of the strongly coupled yrast band, represented
by open and solid symbols, respectively. The staggered dashed line
represents the theoretical calculation taking the signature dependent
term into account. (b) The curves represent theoretical calculations
for Band 3 with the following configurations: 1, wh;» ® AB; 2,
ﬂh”/z ® AE; 3, 872 ® AB.

CSM calculations including the y degree of freedom show a
signature favoring negative y values for the high-K 7/, con-
figuration [2]. When the signature-dependent term (£ Ae’ /hiw)
is incorporated in the calculation, the splitting between
the favored and unfavored signatures is represented by the
staggered dashed curve in Fig. 6(a). Although the theoretical
values overestimate the B(M 1)/ B(E?2) ratios somewhat, there
is overall good agreement with the experimental data. Above
the backbend (/ > 31/2), the experimental B(M1)/B(E2)
ratios show a marked increase. This is consistent with an
increase in the B(M 1) strength attributable to the alignment
of the i3/, neutrons but might also reflect a possible change
in deformation. The significantly reduced signature splitting
observed above the crossing at iw ~ 0.28 MeV is evidence of
the viy3,, neutrons polarizing the nucleus away from negative
y values, toward a near-axially symmetric prolate shape.
This interpretation is supported by Fig. 6, in which a fit
to the experimental B(M1)/B(E?2) ratios is best reproduced
with y = 0° (or a slightly positive y value) for the adopted
eAB(fAB) configuration.

TRS calculations [33,34] have been performed to interpret
the observed band structures. The TRS calculations are
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FIG. 7. (Color online) Total Routhian surfaces calculated for the
(7, o) = (—, —1/2) e configuration of '®*Ta showing the deformation
parameters 3, and y at rotational frequencies iw = 0.0 MeV (a) and
ho = 0.360MeV (b). A moderately deformed (8, =~ 0.18, y =~ 0°)
minimum is observed at both frequencies. The depth of the potential
energy surfaces is given by the color coding, where blue (dark gray)
shows the lowest energy and red (light gray) the highest. The energy
difference between contour lines is 100 keV.

sensitive to a specific nucleonic configuration and show, for
each rotational frequency, the total energy in the rotating
frame (Routhian) as a function of deformation parameters f,
and y. A minimum of such a surface will show the favored
deformation for a specific configuration of the nucleus at a
specific rotational frequency. The TRS calculations predict an
axially symmetric shape, with 8, ~ 0.18 and y =~ 0°, at low
rotational frequencies (see Fig. 7).

CSM calculations show that the occupation of low-Q2
orbital from the i;3,, neutron spherical subshell drives the
nucleus toward positive y deformation [2]. The alignment
of a pair of 13/, neutrons at fiw ~ 0.28 MeV induces a shift
in triaxial deformation toward positive y. Hence, the TRS
calculations are not able to reproduce the negative y defor-
mation deduced from the experimental signature splitting and
the B(M1)/B(E?2) values below the backbend. However, the
predicted core-polarizing effect of the i13,, neutron alignment
toward positive y values is consistent with the observed
disappearance of signature splitting [and the B(M1)/B(E?2)
ratios] after the backbend. If after the band crossing a y
deformation of ~0° is assumed, the large signature splitting
observed at lower angular momentum should disappear, as is
indeed the case.

The signature splitting for Band 1 is illustrated in Fig. 8
using the staggering parameter S(/) [7,35] defined as

S(I)=E()— E(I —1)— YEUI +1)— E()
+E(I-1)—EU —2)] )

and compared with the signature splitting of the corresponding
bands in the heavier odd-A tantalum isotopes '6°~7!Ta
[1-3,36]. The signature splitting can be interpreted as arising
from mixing of an = 1/2 component into the high-K hy;,
proton configuration. However, because the proton Fermi
level is situated high in the &1y, shell, the normal Coriolis
mixing of the = 1/2 component into the wave function
is expected to be low for an axially symmetric nucleus.
Therefore, to reproduce the large signature splitting observed
in the high-K [514]9/27 configuration, a mechanism is needed
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FIG. 8. (Color online) Staggering parameter S(/) as a function
of spin / for the [514]9/2~ bands in the neutron-deficient odd-A
tantalum isotopes '©*Ta, '©Ta [1], '*"Ta [2], '®Ta [3], and '"'Ta
[36]. The solid (open) symbols represent the « = +1/2 (¢« = —1/2)
signature.

for enhanced mixing with the € = 1/2 orbital. This can be
achieved by a departure from an axially symmetric shape
[10] for which K is no longer a good quantum number.
Figure 8 shows that the signature splitting, as reflected by
the staggering parameter, increases toward greater neutron
deficiency.

The energy splitting also increases slightly as a function
of increasing angular momentum from the bandhead until the
band crossing is reached. At low spins, the tantalum isotopes
follow the same trend of increasing signature splitting as
the odd-mass 97713Re [7] and ' 13Ir [6] isotopes with
decreasing neutron number, probably reflecting a general trend
of increasing shape asymmetry as the Fermi level decreases
in the neutron shell. This trend might be explained by the
shape-polarizing properties of the wh;, orbital, which could
drive the nucleus toward increasingly negative y deformations
(y < —15°), if the nuclear potential surface becomes softer
with respect to the y degree of freedom. Interestingly, these
observations seem not to be supported by the TRS calcu-
lations, which predict less pronounced y deformations for
the corresponding quasiparticle configuration with decreasing
neutron number. However, it should be noted that an increased
y softness is predicted with increasing neutron deficiency. The
“effective” y deformation of the nuclear wave function may
therefore be nonzero. Above the v(i;3 /2)2 neutron alignment,
the staggering parameter becomes significantly smaller in all
odd-mass tantalum isotopes (see Fig. 8), reflecting a reduction
in the signature splitting. This is consistent with a transition to
an axially symmetric shape.

B. Band 2

Band 2 exhibits an alignment of ~5i at hw ~ 0.20 MeV
and has a larger moment of inertia than the yrast band in
the same rotational frequency range (see Figs. 5 and 9).
This relatively large alignment and the moment of inertia are
difficult to reconcile with a pure 1qp configuration based on
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FIG. 9. (Color online) Kinematic moments of inertia (J1) as
function of rotational frequency (iw), derived from the experimental

y-ray transitions for the three bands in '®*Ta. The positive (negative)
signatures are indicated with solid (open) symbols.

the Nilsson states close to the Fermi level. The low excitation
energy of the bandhead, the alignment, and the enhanced
moment of inertia suggest that this band could be formed
by coupling the odd 41/, proton to an octupole vibration.
Enhanced octupole collectivity in '93Ta might arise because
of the proximity of the proton Fermi level to Nilsson states
emanating from the /1, and ds;, spherical subshells and the
neutron Fermi level to the iy3/> and f7,, spherical subshells,
respectively, differing by Aj = Al = 3. The coupling of a 3~
octupole phonon to the yrast [514]9/2~ quasiproton configu-
ration would yield spin and parity /™ = 15/2% for the octupole
vibrational bandhead, which is consistent with the bandhead
spin assignment of Band 2. The relative excitation energy of
the 15/2* state is 1313 keV above the bandhead of Band 1 (the
9/2~ state) and would thus represent the excitation energy of
the octupole phonon. The octupole-vibrational phonon can
generate an alignment of 34 [37], and the alignment carried
by Band 2 is indeed 3-4% higher than for Band 1. The
strong E'1 transitions connecting Band 2 with Band 1 render
further support for assigning Band 2 to an octupole vibrational
structure.

To gauge the strength of the E1 transitions connecting
Band 2 with Band 1, B(E'1)/ B(E?2) ratios have been extracted
forthe 19/2%,21/2%, and 23/2" states. The B(E1) and B(E?2)
values are deduced according to the prescription in Ref. [38].
The extracted values are listed in Table III. The observation
of enhanced E1 strength, with B(E1) > 107> W.u,, is often
taken as evidence for octupole correlations in nuclei (see, e.g.,
Refs. [39—41]). All the values for the y-ray transitions assigned
E 1 multipolarity are significantly above 10~> W.u., suggesting
strong octupole collectivity in '63Ta.

Although plausible, the h1,,[514]9/27 ® 37 (e ® 37)
configuration assignment to Band 2 remains tentative and
further experimental information is needed to elucidate its
structure.

C. Band 3

Band 3 carries an alignment of ~10% at hw =~ 0.25 MeV
(see Fig. 5), which suggests a 3qp configuration. In the
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TABLE III. Measured electric dipole (E1) strength in Band 2.
B(E?2) values have been calculated assuming a quadrupole deforma-
tion of Q¢ = 430 e fm? (taken from TRS calculations).

E, B(E1)/B(E2) B(E1) B(E1)
(keV) (1078 fm™2) (1073 €2 fm?) (1075 W.u.)®
855 13.7(10) 94.6(69) 50(5)
900 6.8(7) 30.9(32) 16(2)
649 5.9(5) 40.7(34) 22(3)

4] W.u. = 1.87 2 fm? for ' Ta.

neighboring even-even isotone to '%Ta, '92Hf, the lowest 2qp
configuration has been proposed to be formed by coupling
an i3, neutron to an f7,, neutron [E(F) configuration]
originating from the [523]5/2~ orbital [25]. The alignment for
the AE(F) configuration in '®2Hf relative to the ground-state
bandis Ai, ~ 9% athw = 0.25 MeV. This difference in aligned
angular momentum compares favorably with the experimental
alignment difference of Ai, ~ 9.2h at hw = 0.25MeV be-
tween Band 1 and Band 3 in '®3Ta (see Fig. 5). Hiibel ez al. [25]
assigned the AE crossing in '>Hf to occur roughly at the same
frequency as the AB crossing (iw ~ 0.28 MeV).

In Fig. 6(b), the calculated B(M1; I — I —1)/B(E2;
I — I —2) values are plotted for different configuration
assignments together with the experimentally deduced values.
The best fit to the data points is obtained with the proposed
eAE 3qp configuration. For comparison, the eAB (dotted
line) and the cAB (dashed line) configurations are also
indicated. Considering the arguments given above, Band 3 is
assigned as the positive-parity 3qp eAE (7wh12[514]19/27 ®
1)1'13/2[660]1/24r ® vf7,2[523]5/27) configuration. It is worth
noting that such configuration assignments have also been
made for similar bands in several neighboring isotopes (e.g.,
167Re [7], '92Hf [25], and '®*Lu [9]). We also note that Band
3 connects only to Band 2 and not directly to Band 1 via
any linking transitions. This is consistent with the why1,, ®
vi132 @ vf72 3qp configuration, which may exhibit strong
octupole mixing, and its wave function may therefore have a
large overlap with the proposed /1, ® 3~ configuration of
Band 2.

V. SUMMARY

A level scheme has been established for 'Ta for the first
time comprising three band structures. The yrast structure
(Band 1) has been interpreted as a 1qp configuration at low
spins based on the [514]9/2~ Nilsson orbital. For the states
with I < 31/2h, the band shows a large signature splitting,
which can be attributed to a triaxial shape with y < 0°. At
higher spins, the signature splitting disappears as the band
forms an axially symmetric 3qp (€AB configuration) structure
after the (vijs /2)2 paired band crossing. Two additional
strongly coupled structures have been observed (Bands 2
and 3). Band 2 is tentatively assigned to be built on the
odd A1y, proton coupled to an octupole phonon, forming a
positive-parity whi1,2[514]19/2™ ® 3~ configuration. Band 3
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is assigned to be associated with the 3qp whii» ® vijzpn ®
vf7/2 (eAE) configuration based on the deduced alignments
and B(M1)/B(E?2) ratios.
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