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High-spin states in odd-odd 170Ta
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High-spin states in170Ta have been studied via159Tb~16O,5ng)170Ta reaction through excitation functions,
K x-g, andg-g-t coincidence measurements. Three rotational bands have been identified which consist of two
strongly coupled bands and a semidecoupled one. The quasiparticle configurations of these bands and the
interpretation of experimental results are discussed based on the existing knowledge of neighboring odd-mass
and odd-odd nuclei and in the framework of the cranked-shell model. Low-spin signature inversion in the
p9/22@514# ^ n5/21@642# and p1/22@541# ^ n5/21@642# bands are discussed. A delay~reduction! of the
band-crossing frequency is observed in thep1/22@541# ^ n5/21@642# (p5/21@402# ^ n5/21@642#) band. This
configuration-dependent crossing frequency is discussed in comparison with theAB crossing frequencies in the
related bands of neighboring odd-Z isotopes.@S0556-2813~99!04809-8#

PACS number~s!: 21.10.Re, 23.20.Lv, 27.70.1q
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I. INTRODUCTION

The high-spin states of deformed odd-odd nuclei are n
mally difficult for spectroscopic studies because of high le
density at low excitation energies. In spite of this, more a
more experimental data have been accumulated concer
the band structures of odd-odd nuclei in the rare-earth
gion. The well-known anomalous signature splitting~so-
called low-spin signature inversion in energy! at low rota-
tional frequencies has been systematically found
confirmed in theph11/2^ n i 13/2 bands of152Eu @1#, 154,156Tb
@2#, 1562160Ho @3–9#, 1582166Tm @10–21#, 1602166Lu @22–
31#, and 166,168Ta @31–33# nuclei, respectively. This striking
feature has been extensively studied through various the
ical approaches, such as the cranked-shell model@34,35#, the
particle rotor model@36–38#, the projected shell mode
@39,40#, and the interacting boson-fermion model@41#, re-
spectively. Recently the low-spin signature inversion h
also been observed in thep7/21@404# ^ n5/21@642# band of
166Tm @20# and in thep1/22@541# ^ n i 13/2 semidecoupled
bands of162,164Tm and 174Ta @42#. Another interesting phe
nomenon is the anomalous large band crossing frequen
observed in theph11/2^ nh9/2 bands of160Tm @16# and 164Lu
@28,29#, and in theph9/2^ np3/2 band of 170Lu @43#. This
anomaly has been regarded as the partial disappearan
the odd neutron blocking effect and attributed, tentatively
the unknown residual proton-neutron interactions@29,43#.
Since only a few cases have been observed, one may a
these anomalies could be found in a wide nuclear region
in the bands with other quasiparticle configurations. The
swer to this question calls for systematic and further exp
mental investigations.170Ta seems to be a good candida
for further studies so long as its location in the chart
nuclides is concerned. Prior to this work, the high-spin sta
of 170Ta were less extensively studied@44#. In order to get
more information about the band structures of170Ta, further
investigations have been carried out by using the in-be
0556-2813/99/60~4!/044311~14!/$15.00 60 0443
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g-spectroscopy techniques. Preliminary reports of this w
have been published elsewhere@45,46#, the more detailed
results are presented in this paper.

II. EXPERIMENTAL METHODS AND RESULTS

The high-spin states of170Ta were populated through
159Tb~16O,5ng) fusion-evaporation reaction at 105 Me
beam energy. The target consisted of a 2 mg/cm2 159Tb me-
tallic foil with 3 mg/cm2 Pb backing. The beam was pro
vided by the sector focusing cyclotron in the Heavy Ion R
search Facility Lanzhou~HIRFL!. The in-beamg rays were
detected by using four high-purity germanium detectors w
BGO anti-Compton shields placed at690°, 30°, and 145°
with respect to the beam direction, respectively. In order
search for the possible isomeric states, the time windowDt
of 600 ns was set in the coincidence measurement. A tota
803106 g1-g2-tg

1
g

2
events were accumulated in this expe

ment. Preliminary data analysis showed that at least th
rotational bands could be assigned to170Ta. To confirm this
assignment, the excitation functions andK x-g coincidence
measurement were performed in the HI-13 tandem accel
tor of China Institute of Atomic Energy~CIAE! using the
same reaction as in HIRFL. The beam energy was va
from 85 to 102 MeV and the 18-elements BGO multiplici
filter @47# was used which subtends 70% solid angles of
up-hemisphere around the target. The singlesg spectrum in
this experiment was very complicated; manyg rays coming
from the in-beam products of169,170,171Ta @48,44#, 169,170Hf
@49,50#, and 167Lu @51# were observed together with the
corresponding residual radioactivities. To enhance the
beam cascadeg rays, at least a fourfold requirement of th
BGO array has been imposed during the excitation funct
measurements. The excitation functions for some unconta
natedg rays have been obtained and shown in Fig. 1, fr
which the g rays of 170Ta (5n channel! and 170Hf ( p4n
©1999 The American Physical Society11-1
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channel! can been clearly separated from that of171Ta (4n
channel!.

The K x-g coincidence measurement was carried out
100 MeV beam energy by using one planar detector
seven high-purity germanium detectors with BGO an
Compton shields. About 4.5 millionK x-g and 33 million
g-g coincidence events were accumulated. In both exp
ments, the detectors were calibrated by the standard152Eu,
133Ba, and 60Co sources and also checked by the kno
in-beamg rays of 169Ta @48# and 170Hf @49#. The typical
energy resolutions were about 2.0– 2.4 keV at full width
half maximum for the 1332.5 keV line. The time resolutio
was about 12 ns for the in-beam promptg-g cascade. The
detection efficiency was calibrated by using standard133Ba
and 152Eu sources.

After the gain matching of the detectors, four 4k34k
matrices have been constructed at different time conditio

FIG. 1. Excitation functions for some uncontaminatedg rays.
04431
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including a promptg-g matrix (236 ns<tg1g2
<136 ns!, a

delayed g-g matrix (112 ns<tg1g2
<1600 ns!, a pre-

promptg-g matrix (2600 ns<tg1g2
<212 ns! and a prompt

x-g matrix (240 ns<tg1g2
<140 ns!. Figure 2 shows the

low-energy coincidence spectrum gated by some unconta
natedg rays recorded in the HPGe detectors; theK x rays
from Ta and Hf isotopes are firmly distinguished. From e
citation functions andK x-g coincidence measurement, som
typical g rays and thus the associated rotational bands ca
firmly attributed to 170Ta.

The level scheme of170Ta deduced from present work i
shown in Fig. 3 which consists of three rotational bands
beled asA, B, andC. Three bands are floating in energy sin
the connection of the bandheads with the ground state

FIG. 2. Spectra measured in x-ray detector in coincidence w
g rays in HPGe.
FIG. 3. Partial level scheme of170Ta deduced
from the present work.
1-2
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HIGH-SPIN STATES IN ODD-ODD170Ta PHYSICAL REVIEW C60 044311
low-lying levels@52,53# has not been established. The ord
ing of transitions in various bands is mainly based on theg
ray relative intensities,g-g coincidence relationships andg
ray energy sums. The sum-gates coincidence spectra
bandsA, B, andC are given in Figs. 4~a!–4~c! where theg
lines belonging to these bands are clearly shown. Theg ray
energies, spin-parity assignments, relativeg-ray intensities,
branching ratios, extractedB(M1)/B(E2) ratios, and their
placement in the level scheme are presented in Tab
grouped in sequences for each band.

The spins of energy levels are proposed on the basi
the additivity rule for alignmentsi x ~configuration assign-
ment to bandsA, B, and C will be discussed in the nex
section!. Figures 5~a!–5~c! depict the quasiparticle align
ments for the three bands in170Ta and the associated on
quasiparticle bands in169Ta and 169Hf. It is shown that this
simple additivity property for alignments is well satisfied
lower frequencies using the proposed spin values. For
ample, the alignments forp9/22@514# and n5/21@642#
bands at\v50.2 MeV are 1.8\ and 4.1\, respectively, the
experimental alignment ofp9/22@514# ^ n5/21@642# band
~bandA! in 170Ta is 5.8\, very close to the predicted valu
of 5.9\. It should be noted that the Harris parameters use
a reference have certain influences on the extracted a
ment and thus on the spin assignment. In our calculatio
these parameters are considered to be configuration de
dent. Using the method proposed and applied in R
@13,16,17#, the Harris parametersJ0 and J1 have been ex-
tracted and presented in Table II by fitting the local mom
of the inertia of each band at lower rotational frequenc
before the first band crossing.

An additional argument for the spin assignment of banA
comes from the systematics of level spacings in the sim
bands of lighter Ta isotopes. The relative excitation energ
normalized to the (122) level, are presented in Fig. 6 for th
favored~signaturea50) DI 52 transition sequences in th
ph11/2^ n i 13/2 bands of1582166Tm, 1602166Lu, and 1662170Ta
nuclei. As is clear from this figure, the level energies of the
bands exhibit smooth trends for a set of isotopes indicatin
smooth variation of nuclear deformation with neutron nu
ber. The level energies of bandA in 170Ta fit well with the
systematics if the proposedI p values are accepted. The cr
terion of energy systematics is also applied in bandB as
shown in Fig. 7, where the relative excitation energies, n
malized to the (102) level, are compared with each oth
between the semidecoupled bands in1702176Ta, 168Lu, and
162,164Tm. Note that the firm spin assignments have be
made for174Ta and162,164Tm @42#, respectively. The data fo
168Lu and 176Ta are taken from@54,55#. The I p values for
172Ta are increased arbitrarily by 3\ with respect to the
original assignment@56# in line with the suggestion in@57#.
Relying on the systematics of level spacings, the lowest le
in bandB could be proposed asI 05(82), which is 1\ in-
creased comparing with our previous suggestion@45,46#. As
limited by the method used here, an uncertainty within\
may be introduced to the present spin assignment show
Fig. 3.

For the three rotational bands shown in Fig. 3, branch
ratios defined as
04431
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Tg~ I→I 22!

Tg~ I→I 21!
~1!

were extracted for most of the transitions. HereTg(I→I
22) and Tg(I→I 21) are theg-ray intensities of theDI
52 and DI 51 transitions, respectively. These intensiti
were measured in a summed coincidence spectrum gate
the transitions above the state of interest. The branching
tios were used to extract relative transition probabilities
fined as

B~M1,I→I 21!

B~E2,I→I 22!
50.697

@Eg~ I→I 22!#5

@Eg~ I→I 21!#3

1

l

1

11d2
, ~2!

whered is theE2/M1 mixing ratio for theDI 51 transitions,
Eg(I→I 21) and Eg(I→I 22) are theDI 52 and DI 51
transition energies, respectively. Because of the comple
of relatedg rays and the poor statistics of our data, no m
ing ratios could be deduced, therefored has been set to zer
in the calculations. The error introduced under this assum
tion is expected to be small, since mixing ratios measured
neighboring 171Ta @44#, 176Re @57#, and 166Tm @19# nuclei
have been shown to be small. The extractedB(M1,I→I
21)/B(E2,I→I 22) ratios are presented as a function
spin in Fig. 8. These ratios are also tabulated in Table I.

FIG. 4. g ray coincidence spectra corresponding to the s
gates~as indicated in the figures! for three bandsA, B, andC. The
peaks labeled (d) are contaminants.
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TABLE I. g-ray transition energies, spin assignment,g intensities, branching ratios, and extract
B(M1)/B(E2) ratios in 170Ta.

Eg~keV!a Ji
p→Jf

p b I g
c ld

B(M1)/B(E2)e

(mN
2 /e2b2) Multipolarity

BandA
211f 95.7
130.7 (112)→(102) 84.3 (M1/E2)
297.6 (122)→(102) 35.4 0.235 1.49 (E2)
166.8 (122)→(112) 100 (M1/E2)
358 (132)→(112) 46.8 0.468 1.25 (E2)
191.2 (132)→(122) 94.3 (M1/E2)
414.6 (142)→(122) 53.4 0.833 0.918 (E2)
223.5 (142)→(132) 66.1 (M1/E2)
465.5 (152)→(132) 64.9 0.96 1.12 (E2)
242.3 (152)→(142) 55.5 (M1/E2)
509.5 (162)→(142) 52.0 1.35 0.92 (E2)
266.8 (162)→(152) 38.3 (M1/E2)
552.3 (172)→(152) 38.0 1.5 1.02 (E2)
285 (172)→(162) 25.3 (M1/E2)
582.5 (182)→(162) 39.6 1.84 0.965 (E2)
297.5 (182)→(172) 20.0 (M1/E2)
609.3 (192)→(172) 20.4 (E2)
631.6 (202)→(182) 18.1 (E2)
647.0 (212)→(192) <10 (E2)
656.0 (222)→(202) <10 (E2)

BandB
135f 41.0
139.9 (92)→(82) 23.8 (M1/E2)
211.4 (102)→(82) 67.5 (E2)
273.5 (112)→(92) 15.9 0.853 0.152 (E2)
201.9 (112)→(102) 20.5 (M1/E2)
304.8 (122)→(102) 63.9 (E2)
359.2 (132)→(112) 18.4 2.08 0.119 (E2)
256.3 (132)→(122) 10.2 (M1/E2)
403.2 (142)→(122) 59.4 (E2)
440.0 (152)→(132) 20.4 1.449 0.315 (E2)
293.2 (152)→(142) 6.5 (M1/E2)
496.1 (162)→(142) 44.8 (E2)
514.6 (172)→(152) 14.3 3.76 0.221 (E2)
311.8 (172)→(162) 3.8 (M1/E2)
577.2 (182)→(162) 26.1 (E2)
584.8 (192)→(172) 10.9 (E2)
646.7 (202)→(182) 14.7 (E2)
704.2 (222)→(202) 6.6 (E2)
754.8 (242)→(222) <5 (E2)

BandC
90f 30.5
121.3 (91)→(81) 59.4 (M1/E2)
273.1 (101)→(81) 25.1 0.527 0.574 (E2)
151.8 (101)→(91) 52.9 (M1/E2)
325.3 (111)→(91) 17.7 0.761 0.637 (E2)
173.6 (111)→(101) 37.3 (M1/E2)
376.6 (121)→(101) 25.8 1.263 0.50 (E2)
203.0 (121)→(111) 27.9 (M1/E2)
044311-4
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TABLE I. ~Continued.!

Eg~keV!a Ji
p→Jf

p b I g
c ld

B(M1)/B(E2)e

(mN
2 /e2b2) Multipolarity

418.5 (131)→(111) 32.5 1.478 0.605 (E2)
215.5 (131)→(121) 24.4 (M1/E2)
462.2 (141)→(121) 31.2 1.776 0.553 (E2)
246.7 (141)→(131) 21.4 (M1/E2)
495.7 (151)→(131) 35.3 3.287 0.411 (E2)
249.0 (151)→(141) 10.6 (M1/E2)
530.5 (161)→(141) 28.0 2.08 0.64 (E2)
281.5 (161)→(151) 18.7 (M1/E2)
555.3 (171)→(151) 30.4 2.98 0.58 (E2)
273.8 (171)→(161) 13.2 (M1/E2)
580.4 (181)→(161) 22.3 3.64 0.44 (E2)
306.6 (181)→(171) 9.9 (M1/E2)
595.0 (191)→(171) 18.1 2.36 0.92 (E2)
288.0 (191)→(181) 7.4 (M1/E2)
612.3 (201)→(181) 14.3 1.75 1.0 (E2)
324.5 (201)→(191) 7.4 (M1/E2)
618.6 (211)→(191) 8.85 1.45 1.712 (E2)
294.1 (211)→(201) 6.1 (M1/E2)
635.4 (221)→(201) 7.1 (E2)
645.5 (231)→(211) 5.1 (E2)

aUncertainties between 0.1 and 0.3 keV.
bSpin assignment based on energy systematics and additivity rule ofi x .
cUncertainties between 5 and 30 % keV.
dBranching ratio:Tg(I→I 22)/Tg(I→I 21), Tg(I→I 22), andTg(I→I 21) are the relativeg intensities
of the E2 andM1 transition depopulating the levelI, respectively.
eDetermined assumingd250.
f211, 135, and 90 keV lines, not placed in the level scheme, depopulate bandsA, B, C, respectively.
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The relative intensities ofg rays were extracted and tabu
lated in Table I. These intensities were corrected for de
tion efficiencies and normalized to the intensity of the 16
keV line ~5100! in bandA. Note that the relative intensitie
are measured in the total projection spectrum or the spe
gated on the bottom transition of the band. Such a restric
means that the errors associated with relative intensities
often larger than those associated with the branching ra
since the latter were obtained by gating on clean transiti
above each state of interest. The experimen
B(M1)/B(E2) ratios for the three bands are compared w
the theoretical values as shown in Fig. 8. These calculat
are carried out using a semiclassical formula forB(M1) val-
ues derived from the geometrical model of Ref.@58#

B~M1,I→I 21!5
3

8p
@~gp2g

R
!A1~gn2g

R
!B#2, ~3!

A5S 12
K2

I 2 D 1/2

Vp2 i p

K

I
, ~4!

B5S 12
K2

I 2 D 1/2

Vn2 i n

K

I
. ~5!
04431
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Heregp(n) , i p(n) , andVp(n) represent theg factor, the align-
ment, and the projection angular momentum componen
the symmetry axis of the proton~neutron! in the associated
neighboring odd-mass nuclei. These values are taken f
the compilation in Refs.@8,20,59,60# and are presented in
Table II. For some cases they are calculated using
method described in Refs.@59,60# if the experimental intra-
band branching ratio and magnetic moment@61# are avail-
able.

The values ofB(E2;I→I 21) are calculated according t
the expression@8#

B~E2,I→I 22!5
5

16p
^IK20uI 22K&2Q0

2. ~6!

The Q0 is the intrinsic quadrupole moment of the nucleu
we take the average of its even-even neighbors asQ0
57.0(b). The collectiveg factors of odd-odd nucleusgR in
variant quasiparticle configurations are calculated using
expression@8#

gR5gR~p!1gR~n!2gR~e2e!, ~7!

wheregR(p), gR(n), andgR(e2e) represent the collective
g factor of neighboring odd-Z, odd-N, and even-even nuclei
1-5
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Y. H. ZHANG et al. PHYSICAL REVIEW C 60 044311
respectively. The average value ofgR(e2e)50.292 is used
in the calculation. TheK value is the effective component o
the intrinsic angular momentum onto the symmetry axis@58#.
For the strongly coupled bands in an odd-odd nucleus, thK
values are assumed to beK65uVp6Vnu according to
Gallagher-Moszkowski coupling rules@62#. For the semide-
coupled band, significant Coriolis mixing may present
account of the high-j parentage of both participating orbita

FIG. 5. Plot of alignmentsi x versus frequencies\v for ~a! band
A, ~b! band B, and ~c! band C in 170Ta and the associated one
quasiparticle bands in169Ta @48# and 169Hf @49#.
04431
( j p59/2, j n513/2), and the expectedK value may differ at
higher spin from that at lower spins. In this case, twoK
values (K52\,3\) are used in the calculations.

Great efforts have been made to search for the isom
states in170Ta by analyzing carefully theg1-g2-tg

1
g

2
coin-

cidence data. Twog rays seem to be in delayed coinciden
with the associated intraband transitions~211 keV line with
bandA, and 135 kev line with bandB!. The half-lives of the
possible isomeric states have not been determined due t
poor statistics.

III. DISCUSSIONS

From the knownb decay of 170Ta to excited 21 and 41

states in 170Hf, a 31 ground state of 170Ta with
p1/22@541# ^ n5/22@523# quasiparticle configuration wa
proposed@52,63#. The only established excited state w
evaluated asI p511 which feeds directly to a 31 ground
state via 316 keVg radiation. A study ofb decay of 170W
leads to the discovery of several low-energyg rays@53#. All
theseg rays have not been observed in our experiment. P
to this work, the high-spin states of170Ta have been ob-
served in Ref.@44# which, to some extent, are different from
the present work. Because of the poor statistics of our d
directional correlations from oriented states ratios for theg
transitions have not been extracted, the multipolarities
stretchedE2 characters for the crossover transitions and
M1/E2 intraband transitions have been assumed. In the
lowing, some properties will be discussed concerning
signature inversion, alignments, band crossing frequenc
and transition rates, respectively.

The structure of an odd-odd nucleus is expected to
associated with that of the neighboring even-even and o
mass nuclei. Some general properties can be found in R
@26,64# concerning the ground-state quadrupole deformat
of even-even and odd-Z nuclei, and the bandhead excitatio
energies of odd-Z rare-earth nuclei at different quasiproto
configurations. These characters provide useful informa
for understanding the band structure in odd-odd170Ta. In the
framework of the standard cranked-shell model, the tw
quasiparticle routhianse8(v) of a odd-odd nucleus can b
theoretically reproduced by summing the Routhians of
associated quasiproton and quasineutron. This simple a
tivity rule has been used here and the two-quasipart
routhians have been predicted as shown in Fig. 9 for
rotational bands in170Ta under different quasiparticle con
figurations. In these calculations, the Harris parameters lis
in Table II are used. The one-quasiparticle Routhian
been calculated using the data of169,171Ta @48,44# and
169,171Hf @49,65#, respectively. The bandhead excitation e
ergies for the one-quasiparticle bands are taken from R
@53,66,67#. The sum of one-quasiparticle bandhead energ
are used as the estimation of related two-quasiparticle ba
head energies. The Gallagher-Moszkowski splitting@62# and
the rotational term@68# are neglected, their influences on th
trends of two-quasiparticle Routhians are expected to
small in the high-frequency region. As clearly demonstra
in Fig. 9~c!, two-quasiparticle routhianse8(v) of 170Ta can
1-6
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TABLE II. Parameters used for calculation ofB(M1)/B(E2) ratios and alignmentsi x for the rotational
bands in170Ta and the associated odd-mass neighbors.

J0 J1 i x \vC

Nucleus Configuration Kp (MeV21\2) (MeV23\4) (\) ~MeV! gn or gp gR

168Hf yrast 01 23.9 174.4 0 0.265~5!
170Hf yrast 01 28.7 218.7 0 0.265~5!
169Hf n5/21@642# 5/21 32.6 102.8 4.1 0.315~5! 20.33 0.14
169Hf n5/22@523# 5/22 37.2 197.9 0.7 0.240~5! 0.25 0.27
171Hf n5/22@512# 5/22 28.7 218.7 1.2 0.240~5! 20.49 0.28
169Ta p1/22@541# 1/22 33.3 51.6 2.2 0.305~5! 0.74 0.4
169Ta p9/22@514# 9/22 23.0 181.5 1.8 0.24 1.24 0.4
169Ta p5/21@402# 5/21 21.0 249.1 0.7 0.24 1.59 0.49
171Ta p7/21@404# 7/21 28.7 218.7 1.2 0.24 0.73 0.31
170Ta A p9/22@514# ^ n i 13/2 72 28.1 143.5 5.8 >0.29 0.248
170Ta B p1/22@541# ^ n i 13/2 22,32 31.4 89.9 6.2 .0.34 0.248
170Ta C p5/21@402# ^ n i 13/2 51 26.6 200.6 4.8 0.29~1! 0.338
170Ta p7/21@404# ^ n i 13/2 61 0.158
170Ta p1/22@541# ^ n5/22@523# 31 0.378
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be separated into two groups. The lower-lying group, wh
is expected to be favorably populated, corresponds to
configurations of the 5/21@642# neutron coupled to the
1/22@541#, 9/22@514#, 5/21@402#, and 7/21@404# protons, re-
spectively. The other group is higher-lying and thus the
sociated rotational bands are expected to be less stro
populated. This theoretical estimation is used as an a
tional argument for the configuration assignment as d
cussed in the following. The experimental Routhians are a
presented in Fig. 9~d! for comparisons.

A. Signature inversion in band A

Band A is the most strongly populated in the heavy-i
reaction used here and considered most likely to be the y

FIG. 6. Transition energy systematics for thea f50 transition
sequences of theph11/2^ n i 13/2 bands in 1582166Tm @10–21#,
1602166Lu @22–31#, and 1662170Ta @31–33# nuclei. (122) levels are
taken as a reference.
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band based on thep9/22@514#(a561/2)^ n5/21@642#(a
51/2) quasiparticle configuration. The configuration assig
ment is mainly based on previous studies of its neighbor
odd-odd and odd-A nuclei in A5160 mass region. The pro
ton h11/2-9/22@514# bands in169Ta and171Ta have been ob-
served to be intensely populated in the heavy-ion indu
fusion-evaporation reactions@44,48#. The low-K components
of the i 13/2 neutron configuration are yrast in the odd-N nu-
clei in this mass region. As a result, the most probable c
figuration for this band must be a low-K i 13/2 neutron~mainly
5/21@642# component! coupled to the 9/22@514# proton. The
two-quasiparticle Routhian for this configuration is predict
to be lower-lying as displayed in Fig. 9~c! indicating that this
band should be strongly populated. The theoreti
B(M1)/B(E2) ratios have been calculated using Eqs.~3!–
~6! and the parameters tabulated in Table II. The calcula
results are compared with the experimental data in Fig. 8~a!.
The agreement is very good under the assumption of
p9/22@514# ^ n5/21@642# quasiparticle configuration.

Previous studies of odd-odd nuclei in this mass reg
have established a consistent pattern of the energy signa
dependence. Systematic studies and analysis have been
in several recent publications@8,26,27,31,69,70#, the main
features can be outlined as follows:

~1! The energy signature inversion occurs at low ro
tional frequencies in all theph11/2^ n i 13/2 bands of odd-odd
nuclei in the 65<Z<73, 89<N<97 region.

~2! For a chain of isotopes, the anomalous splitting a
plitude decreases with increasing the neutron number.

~3! For a chain of isotones~such asN591), with the
increase of proton number, the splitting amplitude chan
first from larger (156Tb! to smaller (158Ho! and then to the
larger amplitude again (160Tm and 162Lu!.

~4! Up to a certain spin, signature splitting recovers to
normal. Associated with this crossing point, the so-cal
1-7
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FIG. 7. Transition energy systematics for th
semidecoupled bands in170Ta ~present work!,
172Ta @56,57#, 174Ta @42#, 176Ta @55#, 168Lu @54#,
and 162,164Tm @42#.
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signature crossing frequency can be extracted, and it cha
regularly withZ andN. For a fixedN2Z value, the inversion
frequencies remain approximately constant.

The signature dependence of a rotational band is rel
to theK quantum number of associated single-particle sta
and the deformation of the nucleus. In bandA, the energy
signature splitting is small compared with that of its neig
boring odd-mass nuclei. In order to illustrate this small s
nature splitting, an energy differenceDE(I ) defined as

DE~ I !5@E~ I !2E~ I 21!#2 1
2 @E~ I 11!

2E~ I !1E~ I 21!2E~ I 22!# ~8!

is plotted as a function of spin for the similar bands
166,168,170Ta in Fig. 10. HereE(I ) is the level energy of state
I, DE(I ) is directly proportional to the energy difference
the two signatures, but magnified by approximately a fac
of 2 @29#.

It is clearly shown in this figure that the energy signatu
inversion in theph11/2^ n i 13/2 band of 170Ta has been ob
served belowI 517\, above this point the signature splittin
becomes normal. The three bands in166,168,170Ta have a simi-
lar trend indicating that the same quasiparticle configura
of ph11/2^ n i 13/2 is involved. The amplitude of anomalou
signature splitting in Ta is larger than that in its lowerZ
isotones, and it decreases with the neutron number. From
signature crossing point ofI 517\, the inversion frequency
is extracted to be\v50.27(1) MeV, this value is very clos
to that @8,27,69# of similar bands inN2Z524 nuclei of
154Tb (\v50.28 MeV!, 158Ho (\v50.25 MeV!, 162Tm
(\v50.26 MeV!, and 166Lu (\v50.26 MeV!. All these
properties are in good agreement with the systematics~1!–
~4! as mentioned above.

Different mechanisms have been proposed to inter
this signature inversion phenomenon using several theo
cal approaches@34–41#, and some comments on these exp
nations are given in Refs.@28,69#. We would like to address
04431
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FIG. 8. ExperimentalB(M1)/B(E2) ratios as a function of spin
for ~a! bandA, ~b! bandB, and~c! bandC. The curves correspond
to calculations based on the geometric model of Donau and Fra
dorf @58#.
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HIGH-SPIN STATES IN ODD-ODD170Ta PHYSICAL REVIEW C60 044311
that the signature inversion presents in a wider nuclear ra
than previously predicted@34# and the particular shell filling
seems not to be a strict restriction to the presence of
phenomenon.

FIG. 9. The predicted two-quasiparticle routhians for~c! 170Ta
as a function of rotational frequency\v obtained by summing the
one-quasiparticle Routhians of the corresponding~a! proton and~b!
neutron. The experimental Routhians for170Ta are shown in~d! for
comparisons, an average excitation energy of 0.8 MeV is used
the lowest levels of each band.
04431
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B. Level staggering in BandB

BandB is supposed to be the semidecoupled band ba
on p1/22@541#(a51/2)^ n i 13/2(a561/2)-5/21@642# qua-
siparticle configuration. This assignment is suggested
cording to the following considerations:~1! The theoretical
calculations based on cranked shell model predict that
two-quasiparticle routhian for this configuration is lowe
lying as displayed in Fig. 9~c! and should be strongly popu
lated in the reaction used here.~2! The large energy signatur
splitting is observed at lower rotational frequencies. In t
region, only thep1/22@541# or n5/21@642# one-quasiparticle
bands have such a large signature splitting. The signa
splitting of p1/22@541# bands is much larger than that o
n5/21@642# bands, and therefore the signature splitting ori
nates most probably from the contribution of thei 13/2 neutron
~mainly the 5/21@642# component!. ~3! The band crossing
frequency (\v

C
>0.34 MeV! is much delayed in compariso

with \v
C

values of its neighboring even-even and oddA

nuclei. This delay is clearly demonstrated in Fig. 5 and F
12~a! where both alignmenti x and dynamic moment of iner
tia J(2) have a sudden increase around\v

C
50.29 MeV for

bandsA and C but not for bandB. ~4! The experimental
B(M1)/B(E2) ratio for bandB is smallest and can be
roughly reproduced@see Fig. 8~b!# theoretically under the
assumption of p1/22@541#(a51/2)^ n i 13/2(a5
61/2)-5/21@642# quasiparticle configuration.

Recently, the firm spin assignments for the semidecoup
bands in162,164Tm and 174Ta @42# have been made through
spectroscopic method. As a consequence, the low-spin
nature inversion has been identified in thep1/22@541#
^ n i 13/2 structure. It is, therefore, a natural extrapolation~or
interpolation! that the low-spin signature inversion shou
occur in similar bands of lighter Ta and Lu isotopes such
in 170,172Ta and1662170Lu. Indeed, a systematic analysis h
been made in a recent literature@57# in which the low-spin
signature inversion has been suggested for the sem
coupled bands in176,178Re, 172,176Ta, and170Lu. We plot the
energy staggering defined asE(I )2E(I 21) versus spinI in
Fig. 11 for the semidecoupled bands in170Ta and those in
some neighboring nuclei. The high-spin data of168Lu are
from @54,71#. We accept the spins used in@57# for 172Ta
which is arbitrarily increased by 3\ with respect to the pre-
vious assignment@56#. The similarity of the staggering pat
tern is impressive. First, the signature splitting is inverted
lower spins for all the semidecoupled bands shown in t
figure; the levels with a favored signature (ap2n

f 5ap
f 1an

f

51/211/251) are lying higher than the levels with an un
favored signature (ap2n

u f 5ap
f 1an

u f51/221/250). Second,
the signature splitting reverts~or tend to revert! to the normal
ordering at a certain high-spin value. The reversion poi
have been observed~see Fig. 11! in 162,164Tm, 168Lu @71#,
174Ta, and 176Re, respectively.~The reversion points in
170Lu and 172Ta were also reported in@57#.! Although the
reversion point is not reached in170Ta because of the lack o
higher spin data, the tendency towards reversion at aboI
5(20)\ is evident as shown in Fig. 11. For most of th

or
1-9
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FIG. 10. Energy signature splitting,DE(I ) defined as Eq.~8!, as a function of spin for theph11/2^ n i 13/2 bands in166,168Ta @31–33# and
170Ta ~present work!. The open circles represent theDI 52 transition sequence with favored signaturea f50, the filled circles for the
unfavored oneau f51.
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semidecoupled bands in this mass region, the spin ass
ments based on spectroscopic methods are rather diffi
According to our experiences, an uncertainty of 2\ may be
introduced relying on the systematics of level spacings
the additivity rule for alignment, thus the observation of r
version point becomes very important and could be regar
as an indirect evidence of low-spin signature inversion. Fo
chain of isotopes, the reversion spin seems to decrease
decreasing the neutron number~see Fig. 11 and@57#!. It is
thus expected that the reversion points could be observe
moderate high spins in166Lu, 168,170Ta and 174Re.

C. Band C

Band C is newly found in this work, and it shows th
strongly coupled characters with small signature splitting
order to identify the quasiparticle configuration, the alig
menti x(v) and the dynamic moment of inertiaJ(2)(v), as a
function of rotational frequency have been analyzed both
this band and the low-lying one-quasiparticle bands in
neighboring odd mass nuclei. The band crossing frequen
04431
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have been extracted and tabulated in Table II using
method described and applied in@56,72,73#. As shown in
Figs. 5 and 12, bandC has a similar trend as bandA, and a
sudden increase occurs at about\v

C
'0.29 MeV. This fre-

quency is delayed in comparison with neutronAB crossing in
the neighboring even-even nuclei~AB crossing frequency in
168Hf and 170Hf is 0.265 MeV as presented in Table II!. In
this mass region, the one-quasiparticle bands based
p1/22@541# and n i 13/2 configurations are known to have
relatively large crossing frequency. Therefore, one of th
particular orbitals must be involved in bandC. Apart from
the already known configurations for bandsA and B, the
couplings of p5/21@402# ^ n5/21@642#, p7/21@404#
^ n5/21@642#, p1/22@541# ^ n5/22@523#, and p1/22@541#
^ n5/22@512# are expected to be the most probable can
dates for this band.

The B(M1)/B(E2) ratios for this band have been calc
lated using Eqs.~3!–~6! under the assumption of the fou
configurations cited above. The calculated results have b
plotted in Fig. 8~c!. The parameters in Table II are used f
e
-

FIG. 11. Level staggering for
the semidecoupled bands in176Re
@57#, 170Ta ~present work!,
1722176Ta @56,57,42,55#, 168Lu
@54,71#, and 162,164Tm @42#. The
filled circles represent theDI 52
transition sequence with signatur
a f51, the open circles for the un
favored oneau f50.
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HIGH-SPIN STATES IN ODD-ODD170Ta PHYSICAL REVIEW C60 044311
theoretical calculations. As is clear in Fig. 8~c!, the experi-
mental ratios belowI 518\ are closer to those calculated fo
the p5/21@402# ^ n5/21@642# configuration. We have no
ticed the delayedAB crossing frequencies recently observ
in the ph11/2^ nh9/2 bands of160Tm @16# and 164Lu @28,29#,
and the corresponding one-quasiparticlep9/22@514# and
n5/22@512# bands have also been identified in169,171Ta
@48,44# and 171Hf @65#, therefore,B(M1)/B(E2) ratios for
the p9/22@514#^ n5/22@512# coupling are also calculate
and shown in Fig. 8~c!. However, the agreement with exper
mental values is poor compared with the result of
p5/21@402# ^ n5/21@642# coupling. The calculated quas
particle Routhian based on CSM is lower-lying@see Fig.
9~c!# for this two-quasiparticle configuration. These arg
ments support the configuration assignment ofp5/21@402#
^ n5/21@642# for bandC.

D. Band crossing frequencies

If the configuration assignment mentioned above is
cepted, the upbend or backbend of these bands should c
spond to the neutronBC or AD crossing. Figure 12 shows th
plot of dynamic moment of inertiaJ(2), defined asJ(2)(I )
54/DEg(I ), versus the rotational frequencies for the thr
bands in 170Ta and the related one-quasiparticle bands
169Ta and169Hf; this quantity can be calculated directly from
observedg ray energies,Eg(I ), and differences ofg-ray
energy between neighboring transitions,DEg(I )5Eg(I 12)

FIG. 12. Plot of dynamic moment of inertiaJ(2) as a function of
rotational frequencies for the three bands of170Ta and the related
one-quasiparticle bands in169Ta @48# and 169Hf @49#. Each curve is
shifted by adding aD for clear illustration. The dotted line indicate
a sharp discontinuity~decrease! at that point.
04431
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2Eg(I), respectively. To make a clear illustration, each cur
is shifted by adding aD as indicated in the figure, and th
dotted line indicates a sharp discontinuity~decrease! at that
point. It is clearly demonstrated in Figs. 5 and 12 that ther
a sudden increase for bandsA and C both in alignmenti x
~Fig. 5! and in the dynamic moment of inertiaJ(2) ~Fig. 12!.
This sudden increase disappears in bandB. The band cross-
ing frequency can be extracted from the intersection of t
slopes in the routhianse8(v) versus\v plots before and
after the first backbend@72#. Although the level scheme
given in Fig. 3 cannot be extended to higher spins, the b
crossing frequencies could still be read out as\v

C
>0.34

MeV for bandB, and \v
C
50.29(1) MeV for bandC, re-

spectively. From systematic inspection of Table II, the sta
ment can be concluded: the first band crossing frequency
the p1/22@541# ^ n5/21@642#(p5/21@402# ^ n5/21@642#)
band is larger~smaller! than theBC crossing frequency of
the n i 13/2 bands in its neighboring odd-N nuclei. A similar
experimental result has also been observed in the rotati
bands of172Ta @56,73#.

The configuration-dependent band crossing freque
could be understood when associated with the similar p
nomenon discovered in the neighboring odd-Z nuclei. The
AB crossing frequencies for thep9/22@514#, p5/21@402#
bands in Lu and Ta isotopes are very close to, but sligh
lower ~roughly 20 keV lower! than those in the yrast se
quences of their even-even neighbors@48,51#. However, in
contrast to these cases, a significant delay~varied from 30 to
75 keV! in theAB crossing frequencies has been observed
the p1/22@541# bands~@74#, and references therein!. This
phenomenon has been extensively studied and attribute
the shape-driving effect@64,75,76#, residual proton-neutron
interactions@77#, quadrupole pairing@78#, and decoupling
term@79#, respectively. The study of this subject is out of t
scope of this paper, we would like to point out that t
mechanism, leading to the configuration-dependentAB
crossing, exists in the odd-odd nuclei and has been exhib
in the first band crossing frequencies. For instance,
n5/21@642# band in 169Hf @49# backbends at\vC50.315
MeV, 50 keV delayed with respect to its even-even co
168Hf of \vC50.265 MeV~see Table II!. The delay of the
AB band crossing frequency for the 1/22@541# band in 169Ta
@48# is 40 keV. Thus the first band crossing in the semid
coupled band of170Ta will be delayed as high as 90 keV du
to the contributions of both quasiproton and quasineutr
Similarly, taking theAB crossing frequency as\vC50.24
MeV @48# for the p5/21@402# and p9/22@514# bands, the
crossing frequencies for the bands based onp9/21@514#
^ n5/21@642# ~bandA! andp5/21@402# ^ n5/21@642# ~band
C! can be predicted to be\vC50.29 MeV using the addi-
tivity effect for the crossing frequency shifts@73#. Experi-
mentally a sudden increase inJ(2) and i x(v) has been ob-
served at\vC50.29 MeV for bandsA and C. However, a
smooth variation is found for bandB up to the frequencies a
high as 0.35 MeV. These observations are consistent w
expectations cited above.

IV. SUMMARY AND CONCLUSIONS

To summarize, the high-spin states in170Ta have been
further investigated by the in-beam spectroscopic metho
1-11
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A level scheme consisting of three rotational bands has b
established. The quasiparticle configurations of these ba
are suggested based on the existing knowledge of neigh
ing nuclei and the measuredB(M1)/B(E2) ratios as well as
the properties in the framework of cranked-shell mod
Apart from thep9/22@514# ^ n5/21@642# yrast band and the
DI 52 transition sequence in the semidecoupled band
p5/21@402# ^ n5/21@642# strongly coupled band and a ne
DI 52 transition sequence based on thep1/22@541#
^ n5/21@642# configuration have been identified in th
work. Thep9/22@514# ^ n5/21@642# yrast band exhibits an
anomalous signature splitting at low rotational frequenc
The first band crossing frequency in thep1/22@541#
^ n5/21@642# band is much delayed with respect to theBC
crossing in the neighboringn i 13/2 bands. A slightly smaller
band crossing frequency@\vC50.29(1) MeV# is also ob-
served in thep5/21@402# ^ n5/21@642# band with respect to
the BC crossing (\vC50.315 MeV! of neighboring odd-N
nuclei. This configuration-dependent band crossing frequ
d
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cies in 170Ta have been discussed, and attributed qual
tively to the same mechanisms leading to the configurati
dependentAB crossing in the related bands of neighbori
odd-Z isotopes. Low-spin signature inversion in the semid
coupled band of170Ta is suggested. Although well-behave
systematics could be presented both in the consecutiveE2
transition energies and in the level staggering pattern am
the similar bands of neighboring nuclei, the firm spin assig
ments are needed in order to confirm the low-spin signa
inversion in the semidecoupled band of lighter odd-odd T
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