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Competition between high-K states and rotational structures in 177Ta

M. Dasgupta, G. D. Dracoulis, P. M. Walker,* A. P. Byrne, T. Kibédi, F. G. Kondev,† G. J. Lane,‡ and P. H. Regan*
Department of Nuclear Physics, Research School of Physical Sciences and Engineering, The Australian National Universi

Canberra ACT 0200, Australia
~Received 15 November 1999; published 16 March 2000!

High-spin states in177Ta have been studied using the170Er(11B,4n) reaction. New intrinsic states have been
observed corresponding to 3-, 5-, and 7-quasiparticle high-K structures. Rotational bands built on most of the
3- and 5-quasiparticle states and some transitions above the 7-quasiparticle states have been identified. Several
isomers have been found, the longest lived being the49

2
2, 7-quasiparticle state with a meanlife of 192ms.

Configurations for the observed intrinsic states have been assigned on the basis ofgK values, alignments, and
decay properties. While the properties of most of the bands are consistent with their proposed configurations,
the behavior of some, including the one built onKp5

21
2

2 3-quasiparticle isomer, is not well understood.
Multiquasiparticle blocking calculations based on the Lipkin-Nogami method, are in good agreement with the
excitation energies of the experimentally observed states and all the predicted states close to the yrast line up
to spin 49

2 have been observed experimentally. The calculations predict the existence of a 9-quasiparticle67
2

2

yrast trap at;8.5 MeV.

PACS number~s!: 21.10.Re, 21.10.Tg, 23.20.2g, 27.70.1q
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I. INTRODUCTION

It is well known that the pairing correlations betwee
nucleons in a nucleus are extremely important in the reg
of low angular momentum where they manifest themsel
by reducing the nuclear moment of inertia with respect to
rigid-body estimates@1#. However, as the rotational fre
quency of the nucleus is increased, the resulting Coriolis
centrifugal forces tend to reduce the pairing correlations,
effect which has been extensively studied@2#. A decrease in
the correlations is also expected for multiquasiparticle c
figurations because the unpaired nucleons block the sin
particle states into which pairs of nucleons can scatter. Th
effects had not been studied extensively partly due to
lack of appropriate experimental data. Such data@3–9# are
now becoming available around the mass 180 region, all
ing the investigation@10# of pairing as a function of senior
ity.

Nuclei nearA;180 are particularly favorable candidat
for studying the influence of many broken pairs of nucleo
~at low rotational frequency! on pairing. In this region the
proton and neutron Fermi levels are among orbitals w
large values ofV, the projection of angular momentum o
the nuclear symmetry axis, so that high-K multiquasiparticle
states compete favorably with collective rotational exci
tions to form the yrast line. Spectroscopic investigatio
have identified many such states@11–16#, but experimental
data for high seniority states had been fragmentary, ma
because their angular momenta are often close to the m
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mum attainable from the available reactions.
The nucleus177Ta can be favorably populated up to spi

>20\ using the reaction170Er(11B,4n) allowing access to
the region where high-K multiquasiparticle states might exis
@17#. Early @18–23# and more recent@24,25# studies of177Ta
were reported by other groups, resulting in the identificat
of 1-quasiparticle bands and some of the 3-quasipart
states and their associated bands. Our work, first reporte
Ref. @4#, is the only one which is sensitive to the identific
tion of intrinsic states at higher spins due to the angu
momentum input and the technique of time-correlatedg-ray
spectroscopy employed in the measurements. It reveals
presence of one 1-quasiparticle, three 3-quasiparticle,
5-quasiparticle and three 7-quasiparticle states in additio
the intrinsic states known from earlier investigations. So
of the new states are isomeric. Selected results, pertai
mainly to the yrast isomers, have been published earlier@4#
together with some results for176Ta and a comparison with
calculations of the multiquasiparticle states. The present
per addresses the complete level scheme involving intrin
states and associated rotational bands, and compares th
sults with more recent calculations which supersede thos
our earlier work.

II. EXPERIMENTAL METHOD

States in 177Ta were populated by the reactio
170Er(11B,4n)177Ta with a 55 MeV beam from the 14UD
pelletron accelerator at the Australian National Universi
An isotopically enriched 170Er target of thickness
5.5 mg cm22 was used, which stopped most of the recoili
nuclei. A series of measurements was performed, focus
on different aspects of the spectroscopy, as discussed in
following subsections.

A. g-g coincidence measurements

A pulsed beam~;1 ns wide pulses, 1.7ms apart! was
used for this set of measurements. Theg rays were detected
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using the CAESAR array@26# containing six Compton-
suppressed high-purity germanium~HPGe! detectors. An un-
suppressed planar germanium detector~LEPS! was included
to give enhanced efficiency and resolution forg-ray transi-
tions between;15 and 100 keV. The energies of each tw
fold coincidence~encompassing time differences of up
60.856 ms) were recorded event-by-event, together w
the time of each energy signal relative to the beam bunc
allowing unambiguous identification ofg-ray transitions pre-
ceding or following an isomer.

B. g-ray singles measurement

Gamma rays were measured in singles mode under
experimental conditions described in Sec. II A. These d
were used in part to determine relative intensities and po
lations of the different bands. The anisotropies were de
mined from the prompt-gatedg-ray spectra, encompassin
time differences up to640 ns with respect to the beam
minimize relaxation effects due to isomers.

C. Beam-g measurements

The possible existence of isomers in the microsecond
gion was investigated using a chopped beam of 2ms pulses,
separated by 103ms and the experimental setup described
Sec. II A. The energies ofg rays were recorded event-by
event, together with the time of each energy signal relativ
the beam pulses. A fast veto was used to removeg rays
occurring in the 2 ms in-beam period, to increase the sen
tivity to the g rays following an isomer.

D. Conversion electron measurements

A separate experiment was performed to measure con
sion coefficients, using a superconducting solenoidal sp
trometer @27#. A relatively thin target of thickness
1.5 mg/cm2 placed at 30° with respect to the beam was u
to optimize the electron energy resolution. Since the pr
ence of isomers with lifetimes in two distinctly different tim
regions~nanosecond and millisecond! had been established
the beam on/off periods were adjusted to cover two ti
regimes; 1 ns on~bunched!, 900 ns off; and 80ms on,
720 ms off. The spectrometer field was swept over a ran
of magnetic fields such that electrons of energies betw
115 and 2145 keV for the former run, and 70 and 680 k
for the latter, were optimally transported to a cooled Si~Li !
detector. During the latter measurement a veto was use
reject the prompt events. Theg rays were detected using
Compton-suppressed HPGe detector. Conversion elect
andg rays were recorded in event-by-event mode with th
times relative to the beam bursts.

III. ANALYSIS PROCEDURE

A. g-g coincidences

The data were sorted, following energy gain and tim
matching, into 409634096 channel matrices with the fo
lowing constraints on theg-g coincidence relationship:~i! a
requirement that twog rays occur within640 ns of each
04432
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other; ~ii ! a less stringent condition where the time relatio
ship was relaxed to6150 ns in order to include low-energ
g rays which suffer from time walk in the detectors;~iii ! a
condition that twog rays occur within640 ns of each other
and alsoduring beam bursts;~iv! the complementary cas
where bothg rays are required to occur between bea
bursts, thus selecting coincidence events below an isom
~v! where theg events are required to occur between be
bursts with the additional condition that they be separated
time between 80 and 300 ns; this matrix then allows for t
event-projection types—~a! projection of those events tha
precede an isomer by gating on transitions that follow it; a
~b! projections of those events that follow an isomer by g
ing on transitions that feed it;~vi! the same as the previou
condition, with the required time difference betweeng
events being from 300 ns to 1.52ms. Again, one can obtain
two types of projections as detailed above. In this case
sensitivity to longer lived isomers is enhanced compared
sort ~v!. Background subtracted coincidence spectra w
generated, for each individualg-ray transition, from these
matrices and were examined to construct the level schem

B. g-g time

In order to isolate the lifetimes of individual states, th
coincidence data were also sorted into three-dimensio
g1-g2-time matrices. For states depopulating by low-ene
g rays a separate matrix was constructed with any of the
HPGe detectors (g1) against the LEPS detector (g2). The
time relationship between pairs ofg rays could be obtained
from such matrices by taking background subtractedg-ray
gates on transitions preceding and following any state.

C. g time

Two-dimensional matrices were generated ofg-ray en-
ergy vs their time of arrival with respect to the beam, usi
the data taken during the experiments described in Sec
Matrices were constructed corresponding to the differ
beam on/off periods:~a! 1 ns on, 900 ns off,~b! 2 ms on,
103 ms off, and~c! 80 ms on, 720 ms off; facilitating the
measurement of the short-lived and the long-lived states
separateg-time matrix was constructed using the data
corded in the LEPS detector to determine the lifetimes of
states which are relatively short lived~meanlife ,1 ms),
and decay by low-energyg rays.

D. Conversion electrons

The data from the experiment discussed in Sec. II D w
used to construct two-dimensional matrices of electron
ergy org-ray energy against the time of arrival with respe
to the beam pulse. Prior to construction of the matrices,
electron events were subjected to momentum selection c
ria @27# to eliminate background events arising mainly due
backscattering of electrons from the detector. Projecti
from the g time and electron-time matrices were used
assemble electron andg-ray spectra in specific time regions
selected to improve the sensitivity to specific decay pa
e.g., long-lived or short-lived isomer decay. Electron a
1-2
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FIG. 1. Partial level scheme for177Ta showing the 1-quasiparticle bands. The arrow thicknesses are proportional to the singlesg-ray
intensities. The symbols* , #, and @ on the side of the level indicate feeding from theKp5

31
2

1 isomer, theKp5
17
2

1 isomer~see Fig. 5!

and theKp5( 11
2

2) band, respectively~see Fig. 2!.
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g-ray intensities were then extracted and compared to de
mine the conversion coefficients.

IV. RESULTS

The present study confirms all the known 1-quasipart
bands and agrees with the bandhead configurations ass
by previous works, hence they are adopted here. It is
convenient, at this stage, to use the configurations for
multiquasiparticle states, subsequently described and j
fied in Sec. V. The detailed level scheme for177Ta is pre-
sented in five parts in Figs. 1–5.

A. Previous work

The 7
2

1@404#, 1
2

2@541#, 5
2

1@402#, and 9
2

2@514# intrinsic
states associated with the excitation of one-quasiproton
their associated bands were known toI p5 17

2
1, 29

2
2, 19

2
1,

23
2

2, respectively@18,19,21–23#. Archer et al. @25#, in a
work done parallel to the present one, extended them toI p

5( 45
2

1), 53
2

2, ( 39
2

1), 41
2

2, respectively, and also reported

Kp5( 17
2

1) 3-quasiparticle state at 1523 keV and its ba

members up to spins (33
2

1). The Kp5 21
2

2 isomeric state
@18–20# at 1355 keV and its rotational band up toI p5 25

2
2,

and theKp5 23
2

1 and 25
2

1 states@21# at excitation energies
04432
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of 1699 and 2098 keV, respectively, were known previous
A Kp5 25

2
1 intrinsic state at 1834.9 keV was reported b

Barnéoud et al. @21#. The level scheme deduced from th
present work disagrees with this assignment, as discusse
Sec. V C 9. No 5- and 7-quasiparticle states had been id
tified prior to this work.~Selected results of this work dis
cussing the decay of the 7-quasiparticleKp5 49

2
2 isomer

have been published earlier@4#.!

B. Level scheme

The present level scheme was constructed using a ra
of information; from the various time correlatedg-g matri-
ces ~Sec. III A!, by considering prompt coincidences wit
characteristic tantalum x rays, by elimination of other know
transitions in neighboring nuclei and by using the resu
from earlier measurements@18–23,25# which were con-
firmed independently. All the new bands and intrinsic sta
identified in this work were found to be connected to know
states and hence their association with177Ta as listed in
Table I, is unambiguous. The table includes someg-ray tran-
sitions which were found to be in coincidence withg rays
associated with177Ta but which could not be associated wi
band structures.
1-3
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FIG. 3. Part III of the level scheme for177Ta showing theKp5
21
2

2 isomer at 1355.0 keV and other 3-quasiparticle bands and theKp

5( 29
2 )1 5-quasiparticle state, that decay to it.

FIG. 2. Part II of the level scheme for177Ta showing theKp5( 11
2

2) rotational sequence and the short-lived 3-quasiparticle bands w
feed theKp5

9
2

2 band~see Fig. 1!.
044321-4
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FIG. 4. Part IV of the level scheme for177Ta showing the 5- and 7-quasiparticle structures and bands.
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1. 1-quasiparticle bands

The rotational bands built on 1-quasiparticle states
shown in Fig. 1. They are associated with theg7/2, h9/2,
d5/2, and h11/2 proton orbitals and the corresponding ba
structures are labeled with the Nilsson configuratio
7
2

1@404#, 1
2

2@541#, 5
2

1@402#, and 9
2

2@514#, respectively.
Another possible 1-quasiparticle structure has been ident

at 899 keV, and is labeled byKp5( 11
2

2) in Fig. 2. The
rotational sequence based on72

1@404#, 1
2

2@541#, and
04432
e

s

d

5
2

1@402# states have been confirmed up toI p5 45
2

1, 45
2

2,

and (35
2

1), respectively, and are in agreement with tho
recently reported in Ref.@25#. The 9

2
2@514# band has been

observed up toI p5 39
2

2, but the assignment of rotationa
states aboveI 5 33

2 disagrees with that of Ref.@25#, as will be
discussed in Sec. V C 4.

Summed prompt (640 ns) coincidence spectra asso
ated with the 5

2
1@402#, 1

2
2@541#, and 7

2
1@404# bands are

shown in Fig. 6. The high-spin members of each band
FIG. 5. Part V of the level scheme for177Ta showing the weak decay routes of theKp5
31
2

1 and 17
2

1 isomers.
1-5
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TABLE I. Energies, intensities, angular distributions, and placements of transitions assigned to177Ta. The
intensities are indicative only.

Eg I g
a A2 /A0 Ei Ef K,Ji

p K,Jf
p

26.2 132 ~32! 2852.6 2826.4 33
2 , 33

2
2 31

2 , 31
2

1

30.4b 216.6 186.1 1
2 , 1

2
2 1

2 , 5
2

2

53 8 ~3!c 1355.0 1302.3 21
2 , 21

2
2 9

2 , 21
2

2

59.7b 245.8 186.1 1
2 , 9

2
2 1

2 , 5
2

2

70.5 139 ~26! 70.5 0 5
2 , 5

2
1 7

2 , 7
2

1

71.5 4 ~3!c 3287.0 3215.7 ( 37
2 ),( 37

2 )2 33
2 , 35

2
2

73.3 1013~49! 73.3 0 9
2 , 9

2
2 7

2 , 7
2

1

82.5 30 ~3!c 1605.4 1522.9 17
2 , 19

2
1 17

2 , 17
2

1

86.1 2 ~1!c 4656.3 4570.2 49
2 , 49

2
2 45

2 , 45
2

2

101.8 67 ~6! 0.10 ~17! 172.2 70.5 5
2 , 7

2
1 5

2 , 5
2

1

104.2 211~7! 20.15 ~6! 2956.8 2852.6 35
2 , 35

2
1 33

2 , 33
2

2

115.6 455~20! 186.1 70.5 1
2 , 5

2
2 5

2 , 5
2

1

128.6 157~13!c 300.8 172.2 5
2 , 9

2
1 5

2 , 7
2

1

131.2
131.9

196 ~22!
100 ~12!c J 0.09 ~7!

131.2
1737.4

0
1605.4

7
2 , 9

2
1

17
2 , 21

2
1

7
2 , 7

2
1

17
2 , 19

2
1

136.1 264~17! 1834.6 1698.5 23
2 , 25

2
1 23

2 , 23
2

1

146.6 1000~27! 20.04 ~5! 219.9 73.3 9
2 , 11

2
2 9

2 , 9
2

2

154.0 131~19!c 454.9 300.8 5
2 , 11

2
1 5

2 , 9
2

1

155.2 9 ~3!c 2826.4 2671.1 31
2 , 31

2
1 ( 29

2 ),( 29
2

1)
155.9b 372.6 216.6 1

2 ,( 3
2

2)
1
2 , 1

2
2

156.6 333~20!c J 0.18 ~5!
402.4 245.8 1

2 , 13
2

2 1
2 , 9

2
2

157.3 204~40!c 288.5 131.2 7
2 , 11

2
1 7

2 , 9
2

1

159.7 39 ~8!c 0.12 ~14! 1059.0 899.3 ( 11
2 ),( 13

2
2) ( 11

2 ),( 11
2

2)
163.5 46 ~12!c 0.33 ~29! 1766.1 1602.7 19

2 , 21
2

2 19
2 , 19

2
2

167.1 131~19!c 0.10 ~11! 1904.6 1737.4 17
2 , 23

2
1 17

2 , 21
2

1

171 9 ~3!c 1602.7 1431.7 19
2 , 19

2
2 ( 11

2 ),( 17
2

2)
171.6 1129~30! 20.01 ~5! 391.6 219.9 9

2 , 13
2

2 9
2 , 11

2
2

175.0 14 ~6! 1650.9 1475.9 ( 17
2 ),( 19

2 ) ( 17
2 ),( 17

2 )
177.9 113~13! 0.01 ~13! 632.8 454.9 5

2 , 13
2

1 5
2 , 11

2
1

180.2 29 ~6!c 1239.2 1059.0 ( 11
2 ),( 15

2
2) ( 11

2 ),( 13
2

2)
182.0 130~9!c 470.6 288.5 7

2 , 13
2

1 7
2 , 11

2
1

183.1 40 ~14!c 1949.3 1766.1 19
2 , 23

2
2 19

2 , 21
2

2

186.1 68 ~7!c 186.1 0 1
2 , 5

2
2 7

2 , 7
2

1

187 12 ~3!c 372.6 186.1 1
2 ,( 3

2
2)

1
2 , 5

2
2

192.5 15 ~3! 1431.7 1239.2 ( 11
2 ),( 17

2
2) ( 11

2 ),( 15
2

2)
195.3 1071~21! 20.03 ~7! 586.9 391.6 9

2 , 15
2

2 9
2 , 13

2
2

196.8 9 ~5!c J 20.09~15!
2116.9 1920.2 ( 21

2 ), 27
2

2 21
2 , 25

2
2

196.9 71 ~11!c 2101.5 1904.6 17
2 , 25

2
1 17

2 , 23
2

1

200.6 104~13! 0.08 ~39! 833.4 632.8 5
2 , 15

2
1 5

2 , 13
2

1

202.5 413~15! 0.14 ~9! 2037.1 1834.6 23
2 , 27

2
1 23

2 , 25
2

1

204.7 53 ~11!c J 0.13 ~18!
2154.1 1949.3 19

2 , 25
2

2 19
2 , 23

2
2

204.9 76 ~9!c 675.5 470.6 7
2 , 15

2
1 7

2 , 13
2

1

208.8 9 ~2!c 1834.6 1625.9 23
2 , 25

2
1 21

2 , 23
2

2

218.1 831~19! 20.02 ~4! 805.0 586.9 9
2 , 17

2
2 9

2 , 15
2

2

221.2 69 ~9!c 1054.6 833.4 5
2 , 17

2
1 5

2 , 15
2

1

222.7 59 ~9!c 2324.2 2101.5 17
2 , 27

2
1 17

2 , 25
2

1

226.0 58 ~9!c 901.5 675.5 7
2 , 17

2
1 7

2 , 15
2

1

226.2 10 ~3!c J 0.42 ~24!
2324.4 2098.2 25

2 , 27
2

1 25
2 , 25

2
1

226.9 25 ~8!c 2381.0 2154.1 19
2 , 27

2
2 19

2 , 25
2

2

044321-6
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TABLE I. ~Continued!.

Eg I g
a A2 /A0 Ei Ef K,Ji

p K,Jf
p

228 805.0 9
2 , 17

2
2

230.1 25 ~4!c 300.8 70.5 5
2 , 9

2
1 5

2 , 5
2

1

232.5 107~9! 20.20 ~12! 3189.3 2956.8 35
2 , 37

2
1 35

2 , 35
2

1

234.1 276~16! 0.14 ~7! 2271.2 2037.1 23
2 , 29

2
1 23

2 , 27
2

1

238.7 567~29!c 20.06 ~6! 1043.6 805.0 9
2 , 19

2
2 9

2 , 17
2

2

240.8 24 ~4!c J 0.01 ~10!
4570.2 4329.4 45

2 , 45
2

2 43
2 , 43

2
1

240.9 48 ~9!c 1295.4 1054.6 5
2 , 19

2
1 5

2 , 17
2

1

242.1 57 ~10!c 0.30 ~21! 2116.9 1874.9 ( 21
2 ), 27

2
2 ( 21

2 ), 25
2

2

244 2826.4 2582.1 31
2 , 31

2
1 7

2 , 29
2

1

245.4 27 ~4!c 1146.8 901.5 7
2 , 19

2
1 7

2 , 17
2

1

245.6 6 ~2!c J 0.10 ~11!
2570.0 2324.4 25

2 , 29
2

1 25
2 , 27

2
1

245.8 49 ~7!c 2570.0 2324.2 17
2 , 29

2
1 17

2 , 27
2

1

247.5 2628.5 2381.0 19
2 , 29

2
2 19

2 , 27
2

2

248.9 162~27!c 0.23 ~10! 1874.9 1625.9 ( 21
2 ), 25

2
2 21

2 , 23
2

2

256.7 455~11! 0.23 ~4! 659.1 402.4 1
2 , 17

2
2 1

2 , 13
2

2

257 7 ~2!c 2826.4 2570.0 31
2 , 31

2
1 17

2 , 29
2

1

258.0 43 ~8!c 1553.4 1295.4 5
2 , 21

2
1 5

2 , 19
2

1

258.7 339~17!c J 20.02 ~7!
1302.3 1043.6 9

2 , 21
2

2 9
2 , 19

2
2

258.8 116~18!c 2530.0 2271.2 23
2 , 31

2
1 23

2 , 29
2

1

261 2831 2570.0 25
2 ,( 31

2
1)

25
2 , 29

2
1

262.2 24 ~4!c 1408.9 1146.8 7
2 , 21

2
1 7

2 , 19
2

1

263.9 32 ~5!c 0.34 ~39! 2380.7 2116.9 ( 21
2 ), 29

2
2 ( 21

2 ), 27
2

2

269.9 35 ~7!c 2839.9 2570.0 17
2 , 31

2
1 17

2 , 29
2

1

271.0 249~30! 0.08 ~4! 1625.9 1355.0 21
2 , 23

2
2 21

2 , 21
2

2

272.6 85 ~18!c 0.33 ~13! 2192.7 1920.2 21
2 , 27

2
2 21

2 , 25
2

2

274.8 27 ~9!c J 20.07 ~5!
1828.0 1553.4 5

2 , 23
2

1 5
2 , 21

2
1

274.9 120~15!c 1577.2 1302.3 9
2 , 23

2
2 9

2 , 21
2

2

276.9 18 ~4!c 1685.8 1408.9 7
2 , 23

2
1 7

2 , 21
2

1

278.4 72 ~15!c 2471.0 2192.7 21
2 , 29

2
2 21

2 , 27
2

2

280.3 74 ~11!c 0.04 ~5! 2810.3 2530.0 23
2 , 33

2
1 23

2 , 31
2

1

282.8 55 ~7! 454.9 172.2 5
2 , 11

2
1 5

2 , 7
2

1

283.8 16 ~4!c 1522.9 1239.2 17
2 , 17

2
1 ( 11

2 ),( 15
2

2)
284.2 25 ~9!c 2755.1 2471.0 21

2 , 31
2

2 21
2 , 29

2
2

285.6 15 ~4!c 2666.3 2380.7 ( 21
2 ), 31

2
2 ( 21

2 ), 29
2

2

287.9 21 ~4!c 2115.9 1828.0 5
2 , 25

2
1 5

2 , 23
2

1

288.6 153~30!c 0.13 ~5! 288.5 0 7
2 , 11

2
1 7

2 , 7
2

1

289.4 18 ~8!c 1975.0 1685.8 7
2 , 25

2
1 7

2 , 23
2

1

289.4 24 ~5!c 3129.3 2839.9 17
2 , 33

2
1 17

2 , 31
2

1

291.4 31 ~10!c 3046.5 2755.1 21
2 , 33

2
2 21

2 , 31
2

2

292.0 56 ~6!c 1869.1 1577.2 9
2 , 25

2
2 9

2 , 23
2

2

292 9 ~3!c 1029.0 737.4 1
2 ,( 15

2
2) 1

2 ,( 11
2

2)
294.3 88 ~23!c 1920.2 1625.9 21

2 , 25
2

2 21
2 , 23

2
2

296 2570.0 2274.1 17
2 , 29

2
1 7

2 , 27
2

1

296.5 23 ~7!c 0.32 ~16! 2826.4 2530.0 31
2 , 31

2
1 23

2 , 31
2

1

299.3 11 ~4!c 2274.1 1975.0 7
2 , 27

2
1 7

2 , 25
2

1

299.3 26 ~3!c 1904.6 1605.4 17
2 , 23

2
1 17

2 , 19
2

1

299.4 28 ~8!c 3345.8 3046.5 21
2 , 35

2
2 21

2 , 33
2

2

299.4 44 ~7!c 3109.6 2810.3 23
2 , 35

2
1 23

2 , 33
2

1

301.2 18 ~3!c 2417.3 2115.9 5
2 , 27

2
1 5

2 , 25
2

1

302.6 40 ~5!c 20.02 ~10! 2171.5 1869.1 9
2 , 27

2
2 9

2 , 25
2

2
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TABLE I. ~Continued!.

Eg I g
a A2 /A0 Ei Ef K,Ji

p K,Jf
p

305.2 13 ~3!c 2971.5 2666.3 ( 21
2 ), 33

2
2 ( 21

2 ), 31
2

2

308.1 30 ~7! 3653.7 3345.8 21
2 , 37

2
2 21

2 , 35
2

2

308.5 13 ~4!c 2582.1 2274.1 7
2 , 29

2
1 7

2 , 27
2

1

308.8 17 ~3!c 3438.1 3129.3 17
2 , 35

2
1 17

2 , 33
2

1

309.8 14 ~3!c 2727.4 2417.3 5
2 , 29

2
1 5

2 , 27
2

1

311.3 1042~20! 1355.0 1043.6 21
2 , 21

2
2 9

2 , 19
2

2

311.7 9 ~1!c 2893.4 2582.1 7
2 , 31

2
1 7

2 , 29
2

1

315 3968.7 3653.7 21
2 ,( 39

2
2)

21
2 , 37

2
2

315.9 44 ~6!c 20.40 ~20! 2487.3 2171.5 9
2 , 29

2
2 9

2 , 27
2

2

316.5 6 ~1!c 3209.9 2893.4 7
2 , 33

2
1 7

2 , 31
2

1

316.6 25 ~4!c 3426.1 3109.6 23
2 , 37

2
1 23

2 , 35
2

1

317.9 25 ~5!c 2192.7 1874.9 21
2 , 27

2
2 ( 21

2 ), 25
2

2

318.3 245~30!c 0.13 ~14! 391.6 73.3 9
2 , 13

2
2 9

2 , 9
2

2

319.2 7 ~3! 3145.6 2826.4 31
2 , 33

2
1 31

2 , 31
2

1

320.0 23 ~6!c 2807.3 2487.3 9
2 , 31

2
2 9

2 , 29
2

2

321.2 3048.3 2727.4 5
2 , 31

2
1 5

2 , 29
2

1

321.7 112~12! 20.05 ~21! 3511.0 3189.3 35
2 , 39

2
1 35

2 , 37
2

1

323 3458.1 3135.3 9
2 , 35

2
2 9

2 , 33
2

2

323.4 5 ~2!c 3294.7 2971.5 ( 21
2 ), 35

2
2 ( 21

2 ), 33
2

2

326.3 7 ~2!c 3764.4 3438.1 17
2 , 37

2
1 17

2 , 35
2

1

328.2 12 ~3!c 3135.3 2807.3 9
2 , 33

2
2 9

2 , 31
2

2

328.9 32 ~8!c 3615.8 3287.0 (37
2 ),( 39

2 )2 ( 37
2 ),( 37

2 )2

330.1 57 ~11!c 0.20 ~19! 3287.0 2956.8 ( 37
2 ),( 37

2 )2 35
2 , 35

2
1

331.7 18 ~2!c 3757.8 3426.1 23
2 , 39

2
1 23

2 , 37
2

1

332.1 45 ~9!c 632.8 300.8 5
2 , 13

2
1 5

2 , 9
2

1

334.6 13 ~3!c 1766.1 1431.7 19
2 , 21

2
2 ( 11

2 ),( 17
2

2)
335.0 10 ~4!c 737.4 402.4 1

2 ,( 11
2

2)
1
2 , 13

2
2

338 3484 3145.6 31
2 ,( 35

2
1)

31
2 , 33

2
1

338.7 23 ~7!c 2037.1 1698.5 23
2 , 27

2
1 23

2 , 23
2

1

339.5 209~18!c J 0.43 ~10!
470.6 131.2 7

2 , 13
2

1 7
2 , 9

2
1

340.1 19 ~5! 1239.2 899.3 ( 11
2 ),( 15

2
2) ( 11

2 ),( 11
2

2)
342.9 28 ~4!c 3958.6 3615.8 ( 37

2 ),( 41
2 )2 ( 37

2 ),( 39
2 )2

343.5 759~20! 20.25 ~4! 1698.5 1355.0 23
2 , 23

2
1 21

2 , 21
2

2

346.9 60 ~15!c 1949.3 1602.7 19
2 , 23

2
2 19

2 , 19
2

2

352.3 332~8! 0.20 ~4! 1011.4 659.1 1
2 , 21

2
2 1

2 , 17
2

2

354.6 9 ~4!c 2471.0 2116.9 21
2 , 29

2
2 ( 21

2 ), 27
2

2

357.0 83 ~11! 0.33 ~7! 3868.0 3511.0 35
2 , 41

2
1 35

2 , 37
2

1

358.5 9 ~3!c 4316.9 3958.6 ( 37
2 ),( 43

2 )2 ( 37
2 ),( 41

2 )2

363.2 104~21!c J 0.22 ~5!
3215.7 2852.6 33

2 , 35
2

2 33
2 , 33

2
2

363.4 11 ~3!c 1602.7 1239.2 19
2 , 19

2
2 ( 11

2 ),( 15
2

2)
364.3 30 ~11!c 2101.5 1737.4 17

2 , 25
2

1 17
2 , 21

2
1

367.0 332~40!c 0.26 ~6! 586.9 219.9 9
2 , 15

2
2 9

2 , 11
2

2

369.9 8 ~4!c 1029.0 659.1 1
2 ,( 15

2
2)

1
2 , 17

2
2

372.7 25 ~4!c 1431.7 1059.0 ( 11
2 ),( 17

2
2) ( 11

2 ),( 13
2

2)
374.0 24 ~6!c 3589.7 3215.7 33

2 , 37
2

2 33
2 , 35

2
2

375.0 8 ~2!c 4691.8 4316.9 ( 37
2 ),( 45

2 )2 ( 37
2 ),( 43

2 )2

377 10 ~4!c 1405.8 1029.0 1
2 ,( 19

2
2) 1

2 ,( 15
2

2)
378.5 60 ~9!c 833.4 454.9 5

2 , 15
2

1 5
2 , 11

2
1
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TABLE I. ~Continued!.

Eg I g
a A2 /A0 Ei Ef K,Ji

p K,Jf
p

380.8 28 ~5!c 4248.8 3868.0 35
2 , 43

2
1 35

2 , 41
2

1

387.0 160~13!c 0.22 ~5! 675.5 288.5 7
2 , 15

2
1 7

2 , 11
2

1

388.0 94 ~15!c 2154.1 1766.1 19
2 , 25

2
2 19

2 , 21
2

2

388 3978 3589.7 33
2 ,( 39

2
2) 33

2 , 37
2

2

391.4 7 ~2!c 5083.2 4691.8 ( 37
2 ),( 47

2 )2 ( 37
2 ),( 45

2 )2

394.2 11 ~4!c 1405.8 1011.4 1
2 ,( 19

2
2)

1
2 , 21

2
2

398.7 14 ~3!c 4647.4 4248.8 35
2 , 45

2
1 35

2 , 43
2

1

399.7 26 ~13!c J20.59 ~21!
2098.2 1698.5 25

2 , 25
2

1 23
2 , 23

2
1

399.8 17 ~11!c
2671.1 2271.2 (29

2 ),( 29
2

1) 23
2 , 29

2
1

411 4740 4329.4 43
2 ,( 45

2
1)

43
2 , 43

2
1

411.1 11 ~2!c 5058.5 4647.4 35
2 , 47

2
1 35

2 , 45
2

1

412 9 ~2!c 1864.6 1452.1 1
2 ,( 23

2
2) 1

2 , 25
2

2

413 4983 4570.2 45
2 , 47

2
2 45

2 , 45
2

2

413.4 345~34! 0.13 ~5! 805.0 391.6 9
2 , 17

2
2 9

2 , 13
2

2

419.5 30 ~6!c 2324.2 1904.6 17
2 , 27

2
1 17

2 , 23
2

1

420.5 7 ~1!c 5479.0 5058.5 35
2 , 49

2
1 35

2 , 47
2

1

421.7 56 ~11!c 1054.6 632.8 5
2 , 17

2
1 5

2 , 13
2

1

426 3 ~1!c 2398.7 1972.8 1
2 ,( 27

2
2) 1

2 , 29
2

2

426 5905 5479.0 35
2 ,( 51

2
1)

35
2 , 49

2
1

430 5413 4983 45
2 ,( 49

2
2) 45

2 , 47
2

2

431.0 187~9! 0.14 ~52! 901.5 470.6 7
2 , 17

2
1 7

2 , 13
2

1

431.7 84 ~15!c 2381.0 1949.3 19
2 , 27

2
2 19

2 , 23
2

2

434 2 ~1!c 3000 2565.5 1
2 ,( 31

2
2) 1

2 , 33
2

2

436.6 64 ~7! 2271.2 1834.6 23
2 , 29

2
1 23

2 , 25
2

1

440.6 267~10! 0.19 ~3! 1452.1 1011.4 5
2 , 25

2
2 5

2 , 21
2

2

456.7 351~45!c 0.17 ~6! 1043.6 586.9 9
2 , 19

2
2 9

2 , 15
2

2

459 10 ~4!c 1864.6 1405.8 1
2 ,( 23

2
2) 1

2 ,( 19
2

2)
461.5 44 ~6!c J 0.16 ~6!

4329.4 3868.0 43
2 , 43

2
1 35

2 , 41
2

1

461.9 57 ~10!c 1295.4 833.4 5
2 , 19

2
1 5

2 , 15
2

1

468.5 34 ~7!c 2570.0 2101.5 17
2 , 29

2
1 17

2 , 25
2

1

471.2 107~9! 0.27 ~5! 1146.8 675.5 7
2 , 19

2
1 7

2 , 15
2

1

472 7 ~3!c 2570.0 2098.2 25
2 , 29

2
1 25

2 , 25
2

1

474.4 81 ~15! 2628.5 2154.1 19
2 , 29

2
2 19

2 , 25
2

2

479.5 35 ~4! 20.34 ~48! 1522.9 1043.6 17
2 , 17

2
1 9

2 , 19
2

2

490.9 17 ~5! 2116.9 1625.9 (21
2 ), 27

2
2 21

2 , 23
2

2

491 15 ~3!c 737.4 245.8 1
2 ,( 11

2
2) 1

2 , 9
2

2

492.9 58 ~7! 0.31 ~9! 2530.0 2037.1 23
2 , 31

2
1 23

2 , 27
2

1

497.3 270~30! 0.35 ~10! 1302.3 805.0 9
2 , 21

2
2 9

2 , 17
2

2

498.8 51 ~11!c 0.41 ~13! 1553.4 1054.6 5
2 , 21

2
1 5

2 , 17
2

1

502 10 ~2!c 2826.4 2324.2 31
2 , 31

2
1 17

2 , 27
2

1

505.8 52 ~9!c 2380.7 1874.9 ( 21
2 ), 29

2
2 ( 21

2 ), 25
2

2

507.3 116~4! J 0.11 ~7!
1408.9 901.5 7

2 , 21
2

1 7
2 , 17

2
1

507.7 25 ~4!c
899.3 391.6 (11

2 ),( 11
2

2) 9
2 , 13

2
2

515.2 49 ~20!c 2896.2 2381.0 19
2 , 31

2
2 19

2 , 27
2

2

515.7 50 ~9!c 2839.9 2324.2 17
2 , 31

2
1 17

2 , 27
2

1

519.6 14 ~6!c 1874.9 1355.0 (21
2 ), 25

2
2 21

2 , 21
2

2

520.7 141~9! 0.28 ~4! 1972.8 1452.1 1
2 , 29

2
2 1

2 , 25
2

2

528 586.9 9
2 , 15

2
2
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TABLE I. ~Continued!.

Eg I g
a A2 /A0 Ei Ef K,Ji

p K,Jf
p

532.5 45 ~11!c 1828.0 1295.4 5
2 , 23

2
1 5

2 , 19
2

1

533.6 100~20!c J 0.34 ~7!
1577.2 1043.6 9

2 , 23
2

2 9
2 , 19

2
2

534 10 ~3!c 2398.7 1864.6 1
2 ,( 27

2
2) 1

2 ,( 23
2

2)
539.0 98 ~4!c J 0.46 ~5!

1685.8 1146.8 7
2 , 23

2
1 7

2 , 19
2

1

539.1 55 ~10!c 2810.3 2271.2 23
2 , 33

2
1 23

2 , 29
2

1

549.3 33 ~7!c J 0.10 ~8!
2666.3 2116.9 ( 21

2 ), 31
2

2 ( 21
2 ), 27

2
2

549.9 140~17!c 1355.0 805.0 21
2 , 21

2
2 9

2 , 17
2

2

550.7 43 ~9!c 2471.0 1920.2 21
2 , 29

2
2 21

2 , 25
2

2

552 5 ~2!c 2826.4 2274.1 31
2 , 31

2
1 7

2 , 27
2

1

552.5 51 ~10!c 3181.0 2628.5 19
2 , 33

2
2 19

2 , 29
2

2

554 3 ~1!c 3511.0 2956.8 35
2 , 39

2
1 35

2 , 35
2

1

555.3 182~30! 20.20 ~13! 2826.4 2271.2 31
2 , 31

2
1 23

2 , 29
2

1

559.7 27 ~5!c 0.16 ~11! 3129.3 2570.0 17
2 , 33

2
1 17

2 , 29
2

1

562.2 39 ~8!c 2755.1 2192.7 21
2 , 31

2
2 21

2 , 27
2

2

562.6 36 ~8!c 2115.9 1553.4 5
2 , 25

2
1 5

2 , 21
2

1

565 14 ~5!c 1920.2 1355.0 21
2 , 25

2
2 21

2 , 21
2

2

566.1 102~9!c 1975.0 1408.9 7
2 , 25

2
1 7

2 , 21
2

1

566.8 71 ~8!c 1869.1 1302.3 9
2 , 25

2
2 9

2 , 21
2

2

566.8 34 ~15!c 2192.7 1625.9 21
2 , 27

2
2 21

2 , 23
2

2

572.9 15 ~6!c 2671.1 2098.2 (29
2 ),( 29

2
1) 25

2 , 25
2

1

575.5 34 ~8!c 3046.5 2471.0 21
2 , 33

2
2 21

2 , 29
2

2

579.6 55 ~8!c 0.21 ~11! 3109.6 2530.0 23
2 , 35

2
1 23

2 , 31
2

1

584.5 12 ~3!c 3480.7 2896.2 19
2 , 35

2
2 19

2 , 31
2

2

588.3 62 ~4!c 2274.1 1685.8 7
2 , 27

2
1 7

2 , 23
2

1

589.2 25 ~5!c 2417.3 1828.0 5
2 , 27

2
1 5

2 , 23
2

1

590.6 24 ~8!c 3345.8 2755.1 21
2 , 35

2
2 21

2 , 31
2

2

590.8 39 ~7!c 2971.5 2380.7 ( 21
2 ), 33

2
2 ( 21

2 ), 29
2

2

592.6 77 ~7!c 2565.5 1972.8 1
2 , 33

2
2 1

2 , 29
2

2

594.3 44 ~6!c 2171.5 1577.2 9
2 , 27

2
2 9

2 , 23
2

2

595 3 ~1!c 2570.0 1975.0 17
2 , 29

2
1 7

2 , 25
2

1

596.2 14 ~7!c 2471.0 1874.9 21
2 , 29

2
2 ( 21

2 ), 25
2

2

598 3779 3181.0 19
2 ,( 37

2
2) 19

2 , 33
2

2

598.2 29 ~7!c 3438.1 2839.9 17
2 , 35

2
1 17

2 , 31
2

1

602 6 ~3!c 3000 2398.7 1
2 ,( 31

2
2) 1

2 ,( 27
2

2)
607.0 71 ~9!c 2582.1 1975.0 7

2 , 29
2

1 7
2 , 25

2
1

607.0 8 ~3!c 3653.7 3046.5 21
2 , 37

2
2 21

2 , 33
2

2

610.7 20 ~5!c 899.3 288.5 (11
2 ),( 11

2
2) 7

2 , 11
2

1

611.7 30 ~9!c 2727.4 2115.9 5
2 , 29

2
1 5

2 , 25
2

1

615.8 30 ~7!c 3426.1 2810.3 23
2 , 37

2
1 23

2 , 33
2

1

618.2 43 ~6!c 2487.3 1869.1 9
2 , 29

2
2 9

2 , 25
2

2

619.3 44 ~9!c 2893.4 2274.1 7
2 , 31

2
1 7

2 , 27
2

1

621.4 18 ~3!c 1522.9 901.5 17
2 , 17

2
1 7

2 , 17
2

1

622.9 8 ~3!c 3968.7 3345.8 21
2 ,( 39

2
2) 21

2 , 35
2

2

627.0 14 ~5!c 1029.0 402.4 1
2 ,( 15

2
2) 1

2 , 13
2

2

627.8 13 ~3!c 3209.9 2582.1 7
2 , 33

2
1 7

2 , 29
2

1

628.3 14 ~3!c 3294.7 2666.3 ( 21
2 ), 35

2
2 ( 21

2 ), 31
2

2

630.8 11 ~4!c 3048.3 2417.3 5
2 , 31

2
1 5

2 , 27
2

1

634.3 14 ~5!c 2671.1 2037.1 (29
2 ),( 29

2
1) 23

2 , 27
2

1

634.7 20 ~8! 0.60~20! 3764.4 3129.3 17
2 , 37

2
1 17

2 , 33
2

1
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TABLE I. ~Continued!.

Eg I g
a A2 /A0 Ei Ef K,Ji

p K,Jf
p

635.0 10 ~4!c 4093.0 3458.1 9
2 , 39

2
2 9

2 , 35
2

2

635.8 34 ~6!c 2807.3 2171.5 9
2 , 31

2
2 9

2 , 27
2

2

637.4 18 ~3!c 3530.8 2893.4 7
2 , 35

2
1 7

2 , 31
2

1

645.9 10 ~4!c 3373.3 2727.4 5
2 , 33

2
1 5

2 , 29
2

1

647.3 23 ~10!c 1949.3 1302.3 19
2 , 23

2
2 9

2 , 21
2

2

647.9 87 ~9!c 3135.3 2487.3 9
2 , 33

2
2 9

2 , 29
2

2

648.2 27 ~7!c 3757.8 3109.6 23
2 , 39

2
1 23

2 , 35
2

1

649.8 9 ~2!c 3859.7 3209.9 7
2 , 37

2
1 7

2 , 33
2

1

651.0 17 ~5!c 3458.1 2807.3 9
2 , 35

2
2 9

2 , 31
2

2

657.4 44 ~4!c 3223 2565.5 1
2 , 37

2
2 1

2 , 33
2

2

659 3707 3048.3 5
2 ,( 35

2
1) 5

2 , 31
2

1

661 3661 3000 1
2 ,( 35

2
2) 1

2 ,( 31
2

2)
662.0 10 ~3!c 3633.5 2971.5 ( 21

2 ), 37
2

2 ( 21
2 ), 33

2
2

664.7 13 ~3!c 4195.5 3530.8 7
2 , 39

2
1 7

2 , 35
2

1

667.7 14 ~4!c 3803.0 3135.3 9
2 , 37

2
2 9

2 , 33
2

2

671.2 12 ~3!c 3958.6 3287.0 ( 37
2 ),( 41

2 )2 ( 37
2 ),( 37

2 )2

677.1 30 ~8!c 4103.2 3426.1 23
2 , 41

2
1 23

2 , 37
2

1

678.6 6 ~2!c J 0.17 ~9!
3868.0 3189.3 35

2 , 41
2

1 35
2 , 37

2
1

679.3 51 ~8!c
899.3 219.9 (11

2 ),( 11
2

2) 9
2 , 11

2
2

681.5 5 ~2!c 4541.2 3859.7 7
2 , 41

2
1 7

2 , 37
2

1

693.2 11 ~3!c 3987.9 3294.7 ( 21
2 ), 39

2
2 ( 21

2 ), 35
2

2

700.9 6 ~2!c 4316.9 3615.8 ( 37
2 ),( 43

2 )2 ( 37
2 ),( 39

2 )2

701.6 13 ~2!c 4459.4 3757.8 23
2 , 43

2
1 23

2 , 39
2

1

705 4901 4195.5 7
2 ,( 43

2
1)

7
2 , 39

2
1

716.8 24 ~5!c 3940 3223 1
2 , 41

2
2 1

2 , 37
2

2

718.0 65 ~4!c 1522.9 805.0 17
2 , 17

2
1 9

2 , 17
2

2

719.3 4 ~1!c 4352.8 3633.5 ( 21
2 ), 41

2
2 ( 21

2 ),( 37
2

2)

722 4825 4103.2 23
2 ,( 45

2
1) 23

2 , 41
2

1

722.4 38 ~5!c 20.29 ~25! 1766.1 1043.6 19
2 , 21

2
2 9

2 , 19
2

2

729.6 3 ~1!c 5270.8 4541.2 7
2 , 45

2
1 7

2 , 41
2

1

733.0 5 ~2!c 4691.8 3958.6 ( 37
2 ),( 45

2 )2 ( 37
2 ),( 41

2 )2

736 5195 4459.4 23
2 ,( 47

2
1)

23
2 , 43

2
1

737 7 ~5!c 3589.7 2852.6 33
2 , 37

2
2 33

2 , 33
2

2

737.7 8 ~2!c 4248.8 3511.0 35
2 , 43

2
1 35

2 , 39
2

1

740.0 2 ~1!c 4727.9 3987.9 ( 21
2 ), 43

2
2 ( 21

2 ), 39
2

2

746.7 13 ~3!c 1405.8 659.1 1
2 ,( 19

2
2)

1
2 , 17

2
2

766 5083.2 4316.9 ( 37
2 ),( 47

2 )2 ( 37
2 ),( 43

2 )2

768.7 4 ~1!c 899.3 131.2 (11
2 ),( 11

2
2) 7

2 , 9
2

1

775.2 9 ~3!c 4715 3940 1
2 , 45

2
2 1

2 , 41
2

2

779.0 4 ~1!c 4647.4 3868.0 35
2 , 45

2
1 35

2 , 41
2

1

789.3 190~6! 0.42 ~13! 2826.4 2037.1 31
2 , 31

2
1 23

2 , 27
2

1

797.8 52 ~4! 20.29 (33) 1602.7 805.0 19
2 , 19

2
2 9

2 , 17
2

2

809.8 4 ~1!c 5058.5 4248.8 35
2 , 47

2
1 35

2 , 43
2

1

818.3 6 ~1!c 4329.4 3511.0 43
2 , 43

2
1 35

2 , 39
2

1

826.0 35 ~4! 20.15 ~16! 899.3 73.3 (11
2 ),( 11

2
2) 9

2 , 9
2

2

838.8 7 ~1!c 1059.0 219.9 (11
2 ),( 13

2
2) 9

2 , 11
2

2

844 586.9 9
2 , 15

2
2

847.5 31 ~7!c 1522.9 675.5 17
2 , 17

2
1 7

2 , 15
2

1
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TABLE I. ~Continued!.

Eg I g
a A2 /A0 Ei Ef K,Ji

p K,Jf
p

853.2 16 ~4!c 1864.6 1011.4 1
2 ,( 23

2
2) 1

2 , 21
2

2

889.0 47 ~7!c 1475.9 586.9 (17
2 ),( 17

2 ) 9
2 , 15

2
2

889.8 13 ~4!c 1522.9 632.8 17
2 , 17

2
1 5

2 , 13
2

1

895 1043.6 9
2 , 19

2
2

935.9 183~22!c 20.24 ~25! 1522.9 586.9 17
2 , 17

2
1 9

2 , 15
2

2

947 8 ~3!c 2398.7 1452.1 1
2 ,( 27

2
2) 1

2 , 25
2

2

960.8 14 ~3!c 1766.1 805.0 19
2 , 21

2
2 9

2 , 17
2

2

1016 4 ~1!c 1602.7 586.9 19
2 , 19

2
2 9

2 , 15
2

2

1028 6 ~2!c 3000 1972.8 1
2 ,( 31

2
2) 1

2 , 29
2

2

1052.2 21~6!c 1522.9 470.6 17
2 , 17

2
1 7

2 , 13
2

1

1084.0 24~7!c 1475.9 391.6 (17
2 ),( 17

2 ) 9
2 , 13

2
2

1096 3661 2565.5 1
2 ,( 35

2
2) 1

2 , 33
2

2

aRelative intensities determined from singles and coincidence spectra.
bReference@37#.
cRelative intensity extracted from prompt coincidence projection.
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are

n

be clearly seen in the figure. Figure 7 shows a summ
prompt coincidence spectrum associated with the9

2
2@514#

band. The intenseg rays in the figure are associated with t
9
2

2@514# band itself and the relatively weakg rays belong to

FIG. 6. Summedg-ray coincidence spectra relating to theKp

5
5
2

1, 1
2

2 ~favored sequence!, and 7
2

1 bands~cf. Fig. 1!. The gating
transitions are indicated by asterisks.
04432
dthe 3-quasiparticle bands~see Fig. 2!, most of which decay
through the 9

2
2@514# band. Due to the long lifetime (tm

58.6 ms) of the 21
2

2 3-quasiparticle state, theg rays pre-
ceding it do not appear in Fig. 7.

2. 3-quasiparticle bands

The 3-quasiparticle states and their associated bands

shown in Figs. 2, 3, and include the newK5( 17
2 ) state at

1475.9 keV andKp5 19
2

2 state at 1602.7 keV~both in Fig.
2!, and the band based onI p5 25

2
2 state at 1874.9 keV~Fig.

FIG. 7. Coincidenceg-ray spectrum constructed from gates o
g-rays, marked by asterisk, in the92

2@514# band projecting all
g-rays in a640 ns time window. The spectrum shows theg rays
associated with the92

2@514# band and with bands built on theKp

5( 11
2

2), 17
2

1, and 19
2

2 states~cf. Fig. 2! which decay through the
9
2

2@514# band.
1-12
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FIG. 8. Coincidenceg-ray spectrum relating
to theKp5

17
2

1 band~see Fig. 2!. The spectrum
is generated by gating on the 935.9 keV transiti
which depopulates theKp5

17
2

1 level, and pro-
jecting all g rays within a time interval of
6150 ns.
o

e
eV
h
n.
e
th

d
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ly.
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e-
low
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the
3!. This work also extends the rotational sequence built
the previously known states, theKp5 21

2
2, 23

2
1, 25

2
1 at

1355.0, 1698.5, and 2098.2 keV, respectively~all in Fig. 3!.
The present measurement, confirms theKp5 17

2
1 band-

head at 1522.9 keV~Fig. 2! identified by Archeret al. @25#

asKp5( 17
2

1), but it disagrees with their assignment of th
first member of the rotational band as being at 1656.2 k
In the present work it is assigned to be at 1605.4 keV wit
decay to theKp5 17

2
1 bandhead by a 82.5 keV transitio

This transition is clearly visible in Fig. 8 which shows th
coincidences with the 935.9 keV transition depopulating
bandhead. The out-of-band transitions~see Fig. 5! from the
I p5 29

2
1 level at 2570 keV to theKp5 7

2
1 band and the

decay of theKp5 31
2

1 isomer to theI p5 27
2

1 and 29
2

1 mem-
bers of theKp5 17

2
1 band further supports our energy an

spin assignments.~The transition may have been missed
Ref. @25# because of their insensitivity to low-energy tran
tions.!

Most of the 3-quasiparticle states ultimately decay~Fig.
3! to the 21

2
2 isomeric state at 1355 keV. Figure 9 shows t

events that precede its decay. This spectrum is generate
gating on the 311.3 keV transition~which depopulates the
isomer! and the 171.6, 195.3, and 218.1 keV transitions
the 9

2
2@514# band ~which is fed by the isomer!, with an

appropriate time gate. The spectrum corresponds mainl
the portion of the level scheme in Fig. 3, though theg rays
preceding theKp5 31

2
1 isomer~Fig. 4!, including the main

decay route of theKp5 49
2

2 isomer, can also be seen clear
The strongestg rays are associated with theKp5 23

2
1 band

above the 1698.5 keV level, which lies in the main dec
route of theKp5 31

2
1 isomer.

3. 5- and 7-quasiparticle bands

The 5-quasiparticle,Kp5( 29
2 )1 state at 2671.1 keV~Fig.

3!, Kp5 31
2

1, 33
2

2, and 35
2

1 isomeric states at 2826.4
2852.6, and 2956.8 keV, respectively~Fig. 4! and theKp

5( 37
2 )2 state at 3287.0 keV have been identified in th

work. Also identified are the three 7-quasiparticle states
4329.4, 4570.2, and 4656.3 keV labeledKp5 43

2
1, 45

2
2, 49

2
2,

respectively, in Fig. 4. These states are weakly populate
they are close to the maximum input angular moment
brought in by the reaction.
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Figure 10 shows transitions occurring between be
bursts, which de-excite theKp5 49

2
2 isomer. This out-of-

beam coincidence spectrum is generated by gating on
240.8 and 461.5 keV transitions below the isomer, with
additional condition that the coincidentg rays should occur
within 640 ns of each other. This constraint reduces
intensity of theg rays following theKp5 33

2
2 isomer in the

spectrum ~and incidentally reduces the efficiency belo
;70 keV). The weak 502 and 935.9 keVg rays in the
spectrum are due to the decay branch of theKp5 31

2
1 isomer

to theKp5 17
2

1 band~see Fig. 5! which subsequently decay
mainly to the 9

2
2@514# band. The inset shows out-of-bea

coincidences with the 104 keVg-ray projecting events in the
LEPS detector, with the time condition relaxed to6150 ns.
It illustrates the presence of the 26 keVg ray, which follows

FIG. 9. Summedg-ray coincidence spectrum obtained with d
layed gating on the 172, 195, 218, and 311 keV transitions be
theKp5

21
2

2 isomer, thus showing all the transitions preceding t
isomer ~see Fig. 3!. To remove random contributions the corr
sponding delayed spectrum has been subtracted. The negative
in the upper panel are from contaminant transitions in175Ta and
that in the lower panel is from the inelastic neutron excitation of
691 keV 01 isomer in 72Ge.
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FIG. 10. Out-of-beam coincidence spectru
(640 ns), gated by 241 and 462 keVg rays
~marked by asterisk!, showing the decay path o
theKp5

49
2

2 isomer~see Fig. 4!. The inset shows
a detail of the x-ray region, gated by the 104
keV transition, with the time restriction relaxed t
6150 ns. The 26.2 and 86.1 keVg rays from
the decay ofKp5

33
2

2 and 49
2

2 isomers, respec-
tively, are clearly visible.
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the decay of theKp5 33
2

2 isomer and plays a crucial role i
determining the correct spins of the intrinsic states.

C. Transition intensities and angular distributions

The relative intensities of theg-ray transitions given in
Table I are normalized to the intensity of the 147 keV tra
sition in the 9

2
2@514# band, which is arbitrarily taken to b

1000 units. Due to the complexity of the spectrum, many
the transition intensities are obtained from either acro
isomer projections or from prompt-coincidence projectio
While angular correlation effects in the former are expec
to be minimal, they may significantly affect the intensiti
obtained from the latter. The intensities obtained solely fr
the prompt coincidence data are indicated in Table I a
have not been corrected for angular correlation effects wh
are estimated to be,15%.

The prompt gatedg-ray spectra recorded in singles~see
Sec. II B! at 648°, 697°, and6145° were analyzed to
obtain the angular distribution information. Due to the lim
ited number of angles in the array, only theA0 andA2 coef-
ficients could be extracted, with theA4 term set at zero. The
fitted A2 values are given in Table I and are discussed for
particular transitions in Sec. V C.

D. Electron conversion coefficients and multipolarities

The electron conversion coefficients are given in Table
Total electron-conversion coefficients were obtained fr
the g-g coincidence spectra by determining the balance
the transition intensities feeding and depopulating a gi
state. TheK-, L-, andM-conversion coefficients were dete
04432
-

f
s-
.
d

d
h

e

I.

f
n

mined from the conversion electron measurements as
tailed in Sec. III D. Figure 11 shows theg-ray and the cor-
responding conversion electron spectra optimized with
appropriate time gates to select transitions following the
cay of theKp5 49

2
2 isomer~Fig. 4!.

E. Level lifetimes

Time spectra for each individual transition generated fr
the g-time andg-g-time matrices~see Secs. III B and III C!
were used to determine the meanlives of the intrinsic sta
The accuracy to which short lifetimes can be measured
pends critically on the measurement of the time respons
a function of theg-ray energy for one detector in the case
g-time measurements and for two detectors for theg-g-time
measurements@28#. The response functions for theg-time
measurements were obtained by fitting the time spectra
prompt g rays using a single Gaussian. For theg-g-time
measurements, the response functions for pairs of transit
were obtained by fitting the time difference spectra for
number of pairs of promptg rays in a cascade whose ene
gies lie in the neighborhood of theg rays of interest. The
positions and widths of the Gaussians obtained from the
ting procedure were parametrized and used for subseq
analyses. For very short lifetimes (,5 ns), instead of using
the universal fit parameters, response functions determ
from promptg rays with energies close to the line of intere
were used.

In determining the lifetimes fromg-time measurements
only those lines which were free of contaminants were us
while in the case ofg-g-time measurements, contaminan
1-14
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TABLE II. Total (T), K-, L-, andM-electron conversion coefficients and assigned multipolarities.

E Type Experiment Assigned Theoretical
~keV! multipolarity values

26.2 T 3~1! E1 2.72
53 T 11~6! M1(E2) M1:5 E2:61
71.5 T 7~2! M1 M1:12 E1:0.87 E2:15
86.1 L 4~1! E2 E2:4.36 M1:0.919

T 7.3~9! M1 or E2 M1:7.01 E2:6.9
104.2 L 0.05~5! E1 0.047

M 0.03~5! E1 0.011
T 0.4~1! E1 0.331

136.1 T 1.93~20! M1 1.880
L 0.35~12! M1 0.246

155.2 T 2.0~6! M1 M1:1.30 E2:0.7
195.3, 196.9 K 0.39~9!a M1/E2 M1:0.561 E2:0.177
202.5 K 0.41~8! M1/E2 M1:0.513 E2:0.163
208.8 T 0.05~2! E1 0.055
218.1 K 0.48~7! M1 0.418

L 0.091~24! M1/E2 M1:0.065 E2:0.070
232.5 T 0.45~4! M1 0.421
232.5, 234.1 K 0.18~3!b M1/E2 M1:0.348 E2:0.112
240.8 K 0.059~21! E1 0.032

T 0.043~4! E1 0.038
248.9 T 0.38~3! M1 0.349
271.0 K 0.25~6! M1 0.277
296.5 K 0.024~14! E1 0.019
311.3 K 0.17~2! M1 0.159

L 0.030~9! M1 0.025
321.7 K 0.18~3! M1 M1:0.145 E2:0.047

L 0.031~8! M1 M1:0.022 E2:0.016
343.5 K 0.016~6! E1 0.014
352.3 K 0.028~3! E2 0.037
357.0 K 0.120~17! M1 0.110
363.2 K 0.08~2! M1 0.105
399.7 K 0.11~3! M1 M1:0.082 E2:0.027
413.4 K 0.023~10! E2 0.025
456.7 K 0.014~9! E2 0.019
461.5 K 0.051~7! M1 0.056

L 0.007~2! M1 0.0085
507.7 K 0.02~1! M1 M1:0.044 E2:0.015
549.9 K 0.018~11! E2 0.013
555.3 K 0.036~11! M1 0.035

K 0.038~2! M1 0.035
679.0 K ,0.006 E1 or E2 E1:0.0031 E2:0.0079
718.0 K ,0.002 E1 E1:0.0027 E2:0.007
789.3 K ,0.005(2) E1 or E2 E1:0.002 E2:0.006

K 0.006~1! E2 0.0057
797.8 K 0.013~3! M1 0.014
935.9 K ,0.002 E1 E1:0.0017 E2:0.0041

aApproximately 84% 195.3 keV and 16% 196.9 keV.
bApproximately 69% 232.5 keV and 31% 234.1 keV.
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usually do not pose a problem. Wherever possible, sev
g-ray transitions or pairs of transitions were used to obt
independent measurements of the meanlives. For ove
ping transitions which are partially resolved in the LEP
detector, separate time spectra were obtained by unfold
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The meanlives of the intrinsic states range from several n
a few hundredms and are summarized in Table III.

The meanlives of the 1-quasiparticle5
2

1@402#, 9
2

2@514#
bandheads and theI p5 5

2
2 state of the1

2
2@541# band are in

agreement with those in the literature@23#. Of the nine
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FIG. 11. Associated out-of-beamg-ray and
conversion electron spectra corresponding to
time cut of 32–500ms, with a longer time spec-
trum (500– 850ms) subtracted to preferentially
select transitions from the decay of theKp

5
49
2

2, 192 ms isomer.
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3-quasiparticle states, only two have significant meanliv
The lifetime of the newly identifiedKp5 17

2
1 bandhead was

measured using both theg-time method and theg-g-time
method, yielding a value of 862 ns. The meanlife of the
Kp5 21

2
2 state, measured by analyzing theg-time spectra for

a number of lines following the isomer, was found to
8.660.3 ms which is close, but not equal, to the previous
reported@20# value of 7.2460.29 ms.

Since the extraction of the meanlives of theKp5 31
2

1 and
Kp5 33

2
2 5-quasiparticle states~Fig. 4!, determined to be

3366 ns and 6665 ns, respectively, involved fitting com
plex decay curves, it requires some comment. TheKp

5 33
2

2 state at 2852.6 keV is mainly fed by 104.2 and 363
keV transitions and decays solely by the 26.2 keVg ray to
theKp5 31

2
1 state at 2826.4 keV, which subsequently dec

to the Kp5 23
2

1 state by 555.3 and 789.3 keVg rays as
shown in Fig. 4. Theg-g-time data involving the 26.2 keV
g-ray transition could not be used due to insufficient sta
tics. Hence the meanlives of theKp5 31

2
1 and 33

2
2 states

were determined in two steps. The time spectrum of the 2
keV g ray was analyzed first to obtain a measure of
meanlife of theKp5 33

2
2 state, and then the combined dec

curve~from Kp5 33
2

2 and 31
2

1 states! was analyzed to obtain

TABLE III. Measured meanlives of states in177Ta.

E ~keV! Kp tm E ~keV! Kp tm

70.5 5
2

1 100 ~3! ns 2098.2 25
2

1 ,4 ns
73.3 9

2
2 592 ~10! ns 2671.1 ( 29

2 )1 ,4 ns

186.1 5
2

2a 5.3 ~2! ms 2826.4 31
2

1 33 ~6! ns

899.3 ( 11
2

2) ,2 ns 2852.6 33
2

2 66 ~5! ns

1355.0 21
2

2 8.6 ~3! ms 2956.8 35
2

1 2.6 ~5! ns

1476.0 ( 17
2 ) ,2 ns 3287.0 ( 37

2 )2 ,2 ns

1522.9 17
2

1 8 ~2! ns 4329.4 43
2

1 1.0 ~3! ns
1602.8 19

2
2 ,2 ns 4570.2 45

2
2 ,1 ns

1698.5 23
2

1 ,1.5 ns 4656.3 49
2

2 192 ~6! ms

aI p5
5
2

2 state of theKp5
1
2

2 band.
04432
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the meanlife of the31
2

1 state and to determine better th
meanlife of the33

2
2 state.

The 26.2 keVg ray is expected to suffer from time wal
even in the LEPS detector and hence the time spectra
otherg rays close in energy to 26.2 keV, namely 19.2, 27
and 31.8 keV, were analyzed to determine the spect
shape and the time zero position and thus the approp
response function. The analysis of the time spectrum for
26.2 keV gate, shown in the upper panel of Fig. 12, yield
a meanlife of 85625 ns for theKp5 33

2
2 state at 2852.6

keV. Despite the large uncertainties, it was extremely use
in limiting the allowable range of meanlife for theKp

5 33
2

2 state in the analysis of the combined decay curve.
The combined decay curves were generated by~i! the

g-time method using the 555.3 and 789.3 keV transitio
and~ii ! theg-g-time method using the$104.2% $555.3, 789.3,
436.6% keV and $363.2% $555.3, 789.3, 436.6% keV pairs
where the notation denotes that the 104.2 keV~or 363.2 keV!
transition is used as the start and either the 555.3 or 789.
436.6 keV transitions are used as stop~LEPS detector used
for the 104.2 keV!. The time spectrum obtained from th
pairs $363.2%$436.6, 555.3, 789.3% keV is shown in Fig. 12
along with the fit using meanlife values of 3366 ns for the
Kp5 31

2
1 state and 6665 ns for theKp5 33

2
2 level. These

values were obtained by taking a weighted average of all
different measurements. The meanlife of theKp5 33

2
2 state

is consistent with the value (85625 ns) obtained from the
analysis of the time spectra for the 26.2 keVg ray. In our
previous publication@4#, the meanlives were quoted to be 6
and 25 ns for theKp5 31

2
1 and 33

2
2 states, respectively

whereas the present more complete analysis shows th
reversal of those lifetimes explains the data better.

The meanlife of theKp5 35
2

1 state at 2956.8 keV was
determined to be 2.460.5 ns from the analysis of the tim
spectrum of the 104.2 keV transition in the LEPS detec
and 361 ns using theg-ray pairs $104.2%$232.5, 321.7,
357.0, 461.5% keV in the g-g-time method, leading to a
weighted average of 2.660.5 ns. Due to insufficient statis
tics, only limits could be placed on the lifetimes of theKp
1-16
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5(29
2 )1 ~at 2671.1 keV! and (37

2 )2 ~at 3287.0 keV!
5-quasiparticle states.

The meanlife of theKp5 43
2

1 7-quasiparticle state a
4329.4 keV was measured to be 1.060.3 ns by theg-time
method using the 461.5 keV transition observed in the LE
detector. The time spectrum for the decay of the longe
lived isomer in 177Ta, theKp5 49

2
2 7-quasiparticle state a

4656.3 keV, obtained by combining gates on the 461, 3
and 104 keV transitions~see Fig. 4!, is shown in the lower
panel of Fig. 13 along with a fit with a meanlife of 19
66 ms. The upper panel of the figure shows the dec
curve for the 1.460.1 ms isomer in176Ta @4#, measured
during the same experiment, for comparison.

V. QUASIPARTICLE CONFIGURATION ASSIGNMENTS

Many new multiquasiparticle states and their rotatio
structures have been identified in this work. Configurat
assignments have been made by taking into account the
served properties such asgK2gR values and alignments, a
detailed below. For convenience each band has been lab
by a K quantum number, assumed to be equal to the spi
the bandhead, although it is to be understood that case
significant alignment also imply mixedK.

FIG. 12. The upper panel shows the time spectrum of the 2
keV transition which depopulates theKp5

33
2

2 isomer at 2852.6
keV ~see Fig. 4!. Prompt response curves are indicated. Data
yond 190 ns were not used in the fit due to distortions present in
spectra for very low-energy lines. The lower panel shows the s
trum obtained from gates on the 363.2 keV transition~start!, which
feeds the33

2
2 isomer and any of the 555.3, 789.3, or 436.6 keVg

rays~stop! depopulating the31
2

1 isomer. This decay curve therefor
depends on the meanlives of both theKp5

31
2

1 and 33
2

2 isomers
~both in Fig. 4!.
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A. gKÀgR values

The g-ray branching ratios were deduced from the inte
sities of theDI 51 andDI 52 in-band transitions, deduce
mainly from coincidence data.B(M1)/B(E2) andgK2gR
values were obtained using the rotational model express
@3#. The (gK2gR)/Q0 values have been calculated with th
assumption thatK is equal to the bandhead spin and using
value of Q057.27 eb, an estimate obtained by taking t
average of the quadrupole moments of neighboring Hf nu
@31,32#. Since the branching ratios yield only the magnitu
of the quadrupole-dipole mixing ratio, the sign ofd has been
obtained from the measured anisotropies. A positive s
was determined for all the bands where there were adeq
statistics. The values forB(M1)/B(E2), gK2gR andd are
presented in Table IV.

The experimentalgK values, given in Table V, were cal
culated assuminggR50.2960.03, which was obtained@6#
from the measured@33# magnetic moment of the72

1@404#
ground state in177Ta and the value ofgK2gR50.4660.02,
deduced from the experimental branching ratios in the ba
They are compared in Table V with the predictions usi
additivity for the suggested configurations, for Nilsso
model wave functions with deformation parameterse2
50.248,e450.041 obtained by averaging the calculated p
rameters@29# for 176Hf and 178W, modified oscillator param-
etersk andm as given in Ref.@30# andgs50.7 gs

f ree , where
gs

f ree is the gyromagnetic ratio for free proton and neutr
intrinsic spin.

The results for configurations involvingi 13/2 neutrons are
not expected to agree with these simple estimates as the
culations assume a pure configuration, whereasi 13/2 neutrons
can involve strong CoriolisK mixing. In such cases, thegK
values have been calculated using the geometric mode
Dönau @34# which gives

KgK5(
j

gV j
V j2

K

A~ I 22K2!
(

j
~gV j

2gR!i j , ~1!

.2

-
e

c-

FIG. 13. Time spectra with gates on transitions following t
202 isomer in 176Ta ~upper panel! and the 49

2
2 isomer in 177Ta

~lower panel!. The solid lines are fits with lifetimes as indicated.
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TABLE IV. Experimental branching and mixing ratios,B(M1)/B(E2) andgK2gR values.

I p Eg(DI 51) Eg(DI 52) B(M1)/B(E2)
(\) ~keV! ~keV! la (mN

2 /e2b2) ugK2gRub uduc

7/21@404#, E50
11
2

1 157.3 288.6 0.8~1! 0.35~5! 0.41~3! 0.48~4!
13
2

1 182.0 339.5 1.6~2! 0.27~3! 0.45~3! 0.43~3!
15
2

1 204.9 387.0 2.1~4! 0.29~6! 0.50~6! 0.37~4!
17
2

1 226.0 431.0 3.2~4! 0.25~2! 0.50~3! 0.37~2!
19
2

1 245.4 471.2 4.0~16! 0.25~10! 0.51~11! 0.34~8!
21
2

1 262.2 507.3 4.8~11! 0.25~6! 0.52~6! 0.33~4!

5/21@402#, E570.5 keV
9
2

1 128.6 230.1 0.16~5! 1.3~4! 1.212(20)
1(15) 0.16~2!

11
2

1 154.0 282.8 0.42~7! 0.8~1! 1.15~9! 0.17~1!
13
2

1 177.9 332.1 0.40~8! 1.2~2! 1.522(17)
1(14) 0.12~1!

15
2

1 200.6 378.5 0.58~6! 1.2~1! 1.54~8! 0.12~1!
17
2

1 221.2 421.7 0.8~2! 1.0~3! 1.5~2! 0.12~1!
19
2

1 240.9 461.9 1.2~3! 0.8~2! 1.4~1! 0.13~1!
21
2

1 258.0 498.8 1.2~7! 1.1~7! 1.562(58)
1(43) 0.11~3!

23
2

1 274.8 532.5 1.7~5! 0.8~2! 1.4~2! 0.12~2!

9/22@514#, E573.3 keV
13
2

2 171.6 318.3 0.22~3! 1.9~3! 0.68~6! 0.26~2!
15
2

2 195.3 367.0 0.31~5! 1.8~3! 0.85~6! 0.21~2!
17
2

2 218.1 413.4 0.42~6! 1.9~3! 0.95~7! 0.18~1!
19
2

2 238.7 456.7 0.62~8! 1.6~2! 0.93~6! 0.18~1!
21
2

2 258.7 497.3 0.8~1! 1.6~3! 0.96~8! 0.17~1!
23
2

2 274.9 533.6 0.85~8! 1.7~2! 1.03~7! 0.16~1!
25
2

2 292.0 566.8 1.3~3! 1.3~3! 0.9~1! 0.17~2!
27
2

2 302.6 594.3 1.1~2! 1.7~3! 1.06~9! 0.14~1!
29
2

2 315.9 618.2 1.1~3! 1.8~5! 1.122(16)
1(14) 0.13~2!

31
2

2 320.0 635.8 1.5~6! 1.5~6! 1.0~2! 0.14~3!

Kp5(11/22), E5899.3 keV

( 15
2

2) 180.2 340.1 0.6~2! 0.7~3! 0.322(8)
1(7) 0.5~1!

Kp517/21, E51522.9 keV
23
2

1 167.1 299.3 0.21~5! 1.6~4! 0.34~4! 0.29~3!
25
2

1 196.9 364.3 0.41~7! 1.3~2! 0.36~3! 0.30~3!
27
2

1 222.7 419.5 0.51~9! 1.5~3! 0.42~4! 0.27~2!
29
2

1 245.8 468.5 0.7~2! 1.4~3! 0.42~5! 0.27~2!
31
2

1 269.9 515.7 1.5~5! 0.8~3! 0.34~6! 0.35~7!
33
2

1 289.4 559.7 1.1~3! 1.4~4! 0.46~7! 0.26~4!

Kp519/22, E51602.7 keV
23
2

2 183.1 346.9 1.5~3! 0.011(10)d 0.021(4)d 6.22(43)
d

25
2

2 204.7 388.0 1.8~6! 0.2~1! 0.10~4! 1.1~5!
27
2

2 226.9 431.7 3.3~9! 0.09~7! 0.082(3)
1(4) 1.4~8!

Kp521/22,E51355.0 keV
25
2

2 294.3 565 0.16~8! 9~5! 0.452(16)
1(10) 0.35~9!

27
2

2 272.6 566.8 0.4~1! 4.8~14! 0.452(7)
1(6) 0.31~4!

29
2

2 278.4 550.7 0.6~1! 2.5~6! 0.37~5! 0.35~4!
31
2

2 284.2 562.2 1.5~5! 1.0~4! 0.26~5! 0.5~1!
33
2

2 291.4 575.5 1.1~4! 1.5~6! 0.342(7)
1(6) 0.35~7!

35
2

2 299.4 590.6 0.9~3! 1.8~6! 0.402(7)
1(6) 0.29~5!

Kp5(21/2)2,E51874.9 keV
29
2

2 263.9 505.8 1.6~7! 0.5~3! 0.182(6)
1(5) 0.7~2!
044321-18
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TABLE IV. ~Continued!.

I p Eg(DI 51) Eg(DI 52) B(M1)/B(E2)
(\) ~keV! ~keV! la (mN

2 /e2b2) ugK2gRub uduc

31
2

2 285.6 549.3 2.2~12! 0.5~4! 0.17~7! 0.7~4!
33
2

2 305.2 590.8 3.0~13! 0.4~3! 0.17~6! 0.7~3!

Kp523/21,E51698.5 keV
27
2

1 202.5 338.7 0.06~2! 5.3~19! 0.312(6)
1(5) 0.33~6!

29
2

1 234.1 436.6 0.23~6! 3.3~9! 0.332(5)
1(4) 0.33~5!

31
2

1 258.8 492.9 0.5~1! 2.0~4! 0.30~3! 0.38~4!
33
2

1 280.3 539.1 0.8~3! 1.5~5! 0.282(5)
1(4) 0.41~7!

35
2

1 299.4 579.6 1.3~3! 1.1~3! 0.26~3! 0.45~6!
37
2

1 316.6 615.8 1.1~3! 1.6~5! 0.332(5)
1(4) 0.35~5!

Kp525/21,E52098.2 keV
29
2

1 245.6 472 1.2~4! 0.5~3! 0.11~4! 1.0~4!

Kp533/22,E52852.6 keV
37
2

2 374.0 737 0.3~3! 8~17! 0.222(26)
1(9) 0.6~4!

Kp535/21,E52956.8 keV
39
2

1 321.7 554 0.02~1! 60~37! 0.572(21)
1(11) 0.19~5!

41
2

1 357.0 678.6 0.08~1! 28~4! 0.53~3! 0.22~1!
43
2

1 380.8 737.7 0.3~2! 7~7! 0.322(18)
1(9) 0.4~2!

Kp5(37/2)2,E53287.0 keV

( 41
2 )2 342.9 671.2 0.5~2! 2.3~23! 0.10~5! 1.1~7!

( 43
2 )2 358.5 700.9 0.6~2! 3.1~19! 0.172(5)

1(4) 0.7~2!

aBranching ratiosl5 I g(I→I 22)/I g(I→I 21).
bAssuming pureK andQ057.27 e b.
cValues calculated using rotational model.
dOther limits could not be calculated asd2 is negative when the upper limit of the branching ratio is use
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where i j is the alignment of thej th nucleon. The range o
calculatedgK values are given in the last column of Table
and they will be discussed in relation to the individual co
figurations in Sec. V C.

B. Alignments

The degree of rotational alignmenti (v) is a measure of
the quasiparticle contribution to the total angular moment
of the rotating nucleus and is defined as

i ~v!5I x~v!2I re f~v!, ~2!

whereI x(v)5$I (I 11)2K2%1/2 is the component of the tota
angular momentum of the band on the axis of rotation a
I re f(v)5(I0v1I 1v3) is the total aligned angular momen
tum of a reference configuration@35#. The alignment is con-
figuration dependent and primarily determined by the nu
ber of quasiparticles in the strongly Coriolis mixed orbita
e.g., i 13/2 and h9/2. The alignments for multiquasiparticl
bands are expected to be equal to the sum of the constit
1-quasiparticle components, although strict additivity bre
down due to pairing differences. The valuesI0
535 MeV21\2 and I1570 MeV23\4, chosen to give an
approximately constant aligned angular momentum for
04432
-

d

-
,

nt
s

e

FIG. 14. Alignments as a function of rotational frequency f
the 1-quasiparticle bands~Fig. 1! as indicated, with reference pa
rametersI0535 MeV21\2 andI1570 MeV23\4.
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1
2

2@541# band, have been used in calculating the experim
tal alignments, which are shown in Figs. 14–16 for the d
ferent bands in177Ta. These are discussed in relation to
dividual bands in the following subsections.

C. Characterization of bands

The individual intrinsic states and their rotational stru
tures are discussed in this section. The bands based o
1355.0 keV level withKp5 21

2
2 and the 1874.9 keV leve

with Kp5( 21
2 )2 mix, and are discussed separately in S

VI.

1. 7
2
¿[404] band (Figs. 1 and 5)

The Kp5 7
2

1 band has been extended toI p5 45
2

1. The
previous assignment of a72

1@404# Nilsson configuration is
consistent with the experimentalgK value of 0.75~4! which is
in reasonable agreement with the theoretical estimate
0.62. This band lies in the decay route of theKp5 17

2
1 and

Kp5 31
2

1 isomeric states~Fig. 5!.

2. 1
2
¿[541] band (Fig. 1)

The a51 1
2 decoupled sequence, assigned to this c

figuration, was observed up toI p5 45
2

2. The 1
2

2 and 3
2

2

levels and the9
2

2→ 5
2

2 transition, proposed by earlier work
@36,37# have been included in the level scheme. The ro
tional band members of thea52 1

2 sequence were identifie

up to (35
2

2), and both theDI 51 andDI 52 crossover tran-
sitions to thea51 1

2 sequence have been observed up

I p5( 31
2

2). In-band transitions are weak for this sequen
with a preference for out-of-band decays to thea51 1

2 se-
quence. The large alignment of;3.5\ units for the a5
1 1

2 sequence is consistent with itsh9/2 proton configuration.
The meanlife of theI p5 5

2
2 state, the lowest state in th

1
2

2@541# band, is measured to be 5.360.2 ms in the present
work, which agrees well with the previously compiled val
@23# of 5.260.3 ms.

3. 5
2
¿[402] band (Fig. 1)

The Kp5 5
2

1 band was observed up toI p5 33
2

1 and ten-
tatively up to 35

2
1 and the results of the present work agr

well with those of Ref.@25#, except for the31
2

1→ 29
2

1 tran-
sition energy which was assigned as 324 keV in Ref.@25#,
compared with our assignment of 321 keV. This band, be
furthest from the yrast line among the 1-quasiparticle ban
is weakly populated compared to the others. The experim
tal gK value of 1.67~6! is consistent with the configuratio
assignment. The meanlife of the bandhead is determine
be 10063 ns and agrees well with the previously compil
value of 10567 ns @23#.

4. 9
2
À[514] band (Fig. 1)

This band is observed up to39
2

2, where it seems to be
approaching a band crossing. The assignment of the hi
members of the band (I p. 31

2
2) differ from those of Ref.

@25#. The present work assigns the35
2

2→ 31
2

2, 37
2

2→ 33
2

2

transitions as 651.0 and 667.7 keV, respectively~these are
04432
n-
-
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-
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-
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e
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weak but clearly seen in Fig. 7!, while in Ref. @25# the
equivalent transitions are given as 666 and 677 keV, resp
tively. In their publication@25# the spectrum with a 316 keV
gate shows ag ray at 677 keV but the 666 keV line is no
visible. However, the dipole transition between theI p

5 31
2

2 and 33
2

2 levels is clearly visible in that spectrum an
one would therefore expect to see the 666 keV line w
comparable intensity. The absence of the 666 keV line in
316 keV gate indicates that it unlikely to be in the band. T
present work shows that while a 315.9 keV transition
present in the9

2
2 band, there is also a 316.6 keV transition

the 23
2

1 band~see Figs. 1 and 3! which could account for the
677 keV line in the coincidence spectrum in Ref.@25#.

Being near yrast, this band is populated very strongly a
all observed 3-quasiparticle states decay through it~see Figs.
2, 3!. The value ofgK51.20(4) agrees well with the theo
retical prediction of 1.30 for the92

2@514# configuration. The
bandhead meanlife was measured to be 592610 ns which
agrees with the previously compiled value@23# of 534
672 ns, within the experimental uncertainty.

5. IpÄ( 11
2
À) state at 899 keV (Fig. 2)

A possible intrinsic state situated at 899 keV~Fig. 2! and
its first three rotational members have been identified. T
upper limit for the meanlife of this state is 1 ns. The ban
head decays to the92

2@514# and the7
2

1@404# bands and the

( 13
2

2) level decays to the11
2

2 member of the9
2

2@514# band.
The positiveA2 coefficient for the 679 keV transition, from

the (11
2

2) level at 899 keV to the11
2

2 member of the
9
2

2@514# band, suggests spins of9
2 , 11

2 , 13
2 , or 15

2 . The 9
2

assignment is ruled out due to various decay branches to
Kp5 9

2
2 band and transitions from theKp5 19

2
1 band ~see

Fig. 2!. The existence of the 826 keV transition from th

( 11
2

2) level to theKp5 9
2

2 bandhead rules out the15
2 assign-

ment, leaving spins of either11
2 or 13

2 . A value of A2

5 –0.15(16) for the 826 keV transition suggests that the s
is likely to be 11

2 and the presence of the 769 keV transiti
to the 9

2
1 level of the 7

2
1@404# band argues against a13

2
2

alternative. The fact that higher members of the band are
populated could also be an indication of the lower spin val
In view of these arguments, the spin of the 899 keV level h

been assigned tentatively as (11
2 ), although the13

2 possibility

cannot be ruled out completely. The (15
2

2) and (17
2

2) mem-
bers of the band are fed by 363.4 and 334.6 keV transiti
from the 19

2
2 and 21

2
2 members of theKp5 19

2
2 band. Since

the meanlife of theKp5 19
2

2 bandhead is,2 ns, these tran-
sitions are likely to beE2 rather thanM2 in nature, leading
to a negative parity for the band.

This state is too low to be a 3-quasiparticle state, a
could be the 11

2
2@505# intrinsic state, however, amon

neighboring nuclei that intrinsic state has been identified
1304 keV in 75

183Re @38# and at 647 keV in77
185Ir @39# and

therefore one would expect it to be at energies higher t
1300 keV in 177Ta. Further, while the low alignment o
1-20
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TABLE V. Experimental and calculatedgK values for configurations in177Ta.

gK

Kpa Main configurationsb Expt.c Calc.d Calc.e

7
2

1
p1 7

2
1@404# 0.75~4! 0.62

5
2

1
p1 5

2
1@402# 1.67~6! 1.56

9
2

2
p1 9

2
2@514# 1.20~4! 1.30

( 11
2

2) p1 11
2

2@505# 0.61~9! 1.27

( 17
2 ) n2@

1
2

2, 7
2

2# ^ p1@
9
2

2#17/22 0.84
17
2

1 p3@
7
2

1, 9
2

2, 1
2

2# f 0.63~4!–0.75~7! 0.99 0.79–0.88

n2@
1
2

2, 7
2

1# ^ p1@
9
2

2# 0.62 0.80–0.72
19
2

2 n2@
7
2

1, 7
2

2# ^ p1@
5
2

1# 0.38~4! 0.42 0.63–0.56

n2@
5
2

1, 7
2

2# ^ p1@
7
2

1# 0.26 0.48–0.45
21
2

2 p3@
5
2

1, 7
2

1, 9
2

2#g 0.64~3!g 1.13

n2@
7
2

1, 7
2

2# ^ p1@
7
2

1# 0.21 0.37–0.34

n2@
7
2

2, 5
2

2# ^ p1@
9
2

2# 0.56

n2@
9
2

1, 7
2

2# ^ p1@
5
2

1# 0.36 0.51–0.48
23
2

1 n2@
7
2

1, 7
2

2# ^ p1@
9
2

2# 0.58~4! 0.51 0.64–0.63

n2@
5
2

2, 9
2

1# ^ p1@
9
2

2# 0.33 0.56–0.48
23
2

2 n2@
7
2

2, 9
2

1# ^ p1@
7
2

1# 0.18 0.34–0.31
25
2

1 n2@
7
2

2, 9
2

1# ^ p1@
9
2

2# 0.40~5! 0.46 0.56

( 29
2 )1 n2@

5
2

2, 7
2

2# ^ p3@
7
2

1, 9
2

2, 1
2

2# 0.58
31
2

1 n4@
1
2

2, 5
2

2, 7
2

2, 9
2

1# ^ p1@
9
2

2# 0.33

n2@
1
2

2, 9
2

1# ^ p3@
5
2

1, 7
2

1, 9
2

2# 0.72

n4@
1
2

2, 7
2

1, 7
2

2, 9
2

1# ^ p1@
7
2

1# 0.10
33
2

2 n2@
5
2

2, 7
2

2# ^ p3@
7
2

1, 9
2

2, 5
2

1# 0.51226
19 0.75

35
2

1 n2@
7
2

1, 7
2

2# ^ p3@
7
2

1, 9
2

2, 5
2

1# 0.82~4! 0.69 0.77

n4@
5
2

2, 7
2

1, 7
2

2, 9
2

1# ^ p1@
7
2

1# 0.01 0.30–0.17

n2@
5
2

2, 9
2

1# ^ p3@
5
2

1, 7
2

1, 9
2

2# 0.57 0.74–0.68

( 37
2 )2 n4@

5
2

2, 7
2

1, 7
2

2, 9
2

1# ^ p1@
9
2

2# 0.43~4! 0.21 0.34

n2@
7
2

2, 9
2

1# ^ p3@
5
2

1, 7
2

1, 9
2

2# 0.64 0.65

n2@
7
2

2, 9
2

1# ^ p3@
5
2

1, 7
2

1, 9
2

2# 0.54 0.66
43
2

1 n4@
1
2

2, 5
2

2, 7
2

2, 9
2

1# ^ p3@
7
2

1, 9
2

2, 5
2

1# 0.52

n4@
5
2

1, 5
2

2, 7
2

2, 9
2

1# ^ p3@
7
2

1, 9
2

2, 1
2

2# 0.31
45
2

2 n4@
1
2

2, 7
2

1, 7
2

2, 9
2

1# ^ p3@
7
2

1, 9
2

2, 5
2

1# 0.50
49
2

2 n4@
5
2

2, 7
2

1, 7
2

2, 9
2

1# ^ p3@
7
2

1, 9
2

2, 5
2

1# 0.41

aParentheses imply that the spin or parity is undetermined experimentally.
bConfigurations:neutrons(n): 1

2
2@521#; 7

2
1@633#; 5

2
2@512#; 7

2
2@514#; 9

2
1@624#; 5

2
1@642#. protons (p):

9
2

2@514#; 7
2

1@404#; 5
2

1@402#; 1
2

2@541#.
cExperimental weighted average values.gR50.29(3), Q057.27 e b are assumed.K mixing has not been
taken into account.
dCalculated values using Nilsson model wave functions, with parameters as described in the text.K mixing
has not been taken into account.
eCalculations using the geometric model of Do¨nau as given by Eq.~1!.
fPreferred configuration, see Sec. V C 7.
gBand mixes withn2p configuration, see Sec. VI C.
e
a

le
;0.7 for this band is consistent with an11
2

2@505# assign-
ment, the experimental value ofgK50.61(9) does not agre
with the calculated value of 1.27. Another possibility is th
the level is formed by a quadrupole vibration (21) coupled
04432
t

to the 9
2

2@514# configuration. States formed by quadrupo
vibrations on 9

2
2@514#, 5

2
1@402#, and 7

2
1@404# configura-

tions are known to exist in177Lu, 183Ta, and187Re at 1306
@23#, 857 @40#, and 845 keV@41#, respectively.
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6. KpÄ( 17
2 ) state at 1476 keV (Fig. 2)

A level at 1476 keV which decays to theKp5 9
2

2 band
has been identified, and possibly the next higher membe
the band, but no others. The 1476 keV state seems to be
by several weak branches. The intensity ratio of 2:1 for
889.0 to the 1084.0 keV depopulating transitions make
unlikely that transitions areE1 in nature, for which the ex-
pected ratio is around 1:2. This argues against15

2
1 or 13

2
1 for

the bandhead. The absence of a significant lifetime and
presence of the 1084 keV transition to the13

2
2 state, makes

17
2

1 unfavorable. Further, there is no low-energy15
2

2 state
which can be constructed from the available Nilsson orbit
leaving the possibility of13

2
2 or 17

2
2. If the state isK5 13

2 ,
then a13

2
2→ 11

2
2 transition is expected to compete favorab

with the 889 keV transition. In the absence of this transiti

the state is assigned a tentative spin ofI 5( 17
2 ). It is likely

that the intrinsic state is associated with the 3-quasipart

Nilsson configuration of @n2$ 1
2

2@521#, 7
2

2@514#%

^ p1$ 9
2

2@514#%] 17/22 and is not populated strongly since i
band cannot compete favorably with the neighboringKp

5 17
2

1 and 19
2

2 3-quasiparticle bands~see Secs. V C 7 and
V C 8!, both of which have high alignments.

7. KpÄ17
2
¿ band at 1522.9 keV (Figs. 2 and 5)

A rotational band, extending up toI p5 37
2

1, based on a
Kp5 17

2
1 state at 1522.9 keV has been identified. This st

was also identified in Ref.@25#, but as discussed in Se
IV B 2, their assignment of theI p5 19

2
1 state is incorrect.

The bandhead has a meanlife of 862 ns and decays to th
5
2

1, 7
2

1, 9
2

2, and (11
2

2) bands, with the decay to theKp

5 9
2

2 band being the strongest.E1 multipolarity is assigned
to the 718.0 and 935.9 keV depopulating transitions to
Kp5 9

2
2 band from the conversion coefficients~Table II!.

The 479.5 and 935.9 keV transitions have a negativeA2
coefficient. On the basis of the above observations, a
and parity ofKp5 17

2
1 has been assigned to the bandhe

The relative intensities of the depopulating transitions
consistent with the spin and parity assignment. As shown
Fig. 5, there is chance near degeneracy of the29

2
1 level and

31
2

1 levels of this band with those of theKp5 7
2

1 band and
Kp5 31

2
1 isomer, respectively. This gives rise to mixing a

results in out-of-band transitions from the17
2

1 band to the
7
2

1 band, and decay branches from theKp5 31
2

1 isomer.
Though there is some evidence for the corresponding ou
band transition (Eg5481 keV) from the29

2
1 level of the

Kp5 7
2

1 band to the25
2

1 level of the17
2

1 band, low statistics
prevents it from being conclusive. The presence of th
transitions, induced by mixing, lends further support to
spin and parity of theI p5 27

2
1 and 29

2
1 rotational states, and

hence of the bandhead.
The high alignment of the band, shown in Fi

15~a!, indicates the presence of a particle in an aligned
bital. The likely Nilsson configurations for the bandhe

are p3$ 7
2

1@404#, 9
2

2@514#, 1
2

2@541#% or n2$ 1
2

2@521#,
7
2

1@633#% ^ p1$ 9
2

2@514#%. The gK estimates using a simpl
Nilsson model give 0.99 and 0.62 for these two configu
04432
of
ed
e
it

he

s,

,

le

e

e

in
.
e
in

f-

e
e

r-

-

tions, respectively, and the experimentalgK50.61(4) favors
the latter. However, as shown in Fig. 17, the predictedgK
values for both configurations change when the experime
alignments are taken into account~see Sec. V A!. The ex-
perimental values are not exactly reproduced by either of

FIG. 15. As for Fig. 14 but for the 3-quasiparticle bands in177Ta
~see Fig. 20 for the band on the 1874.9 keV state!. The curves are
labeled by theK values and excitation energy of the bandheads,
the number ofi 13/2 neutrons present in the configuration. The alig
ment for theKp572 band in 178W is shown for comparison with
the Kp5

23
2

1 band in 177Ta.

FIG. 16. Same as Fig. 14 but for the 5- and 7-quasipart
structures in177Ta.
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predictions, but an increase in thegR value of 0.1~i.e., gR
50.39) makes the experimental points coincide with the p
dictions forp3 configuration. Such an increase could occ
as a result of reduced proton pairing in the 3-quasipro
configuration due to blocking effects. The slow rise ingK as
seen experimentally is also in accord with thep3 structure.
Thus, even though the identification of the structure is a
biguous, the experimental evidence would seem to favor
p3 configuration. The calculations of Kondevet al. @6#
which examined the energies of the two configurations fo
range of tantalum nuclei show that thep3 configuration is
energetically favored for177Ta, thus lending further suppor
for that configuration.

8. KpÄ19
2
À level at 1602.7 keV (Fig. 2)

A 19
2

2 state and its rotational band extending up to35
2

2

and tentatively up to37
2

2, has been identified. The bandhea
and the lower members of the band decay to theKp5 9

2
2 and

the (11
2

2) bands. The 797.8 keV transition from the ban
head to the17

2
2 member of theKp5 9

2
2 band is determined

to beM1 in character from the measured conversion coe
cient ~Table II!, and has a negativeA2 coefficient, indicating
that the spin of the level is either15

2
2 or 19

2
2. The 15

2
2

possibility is unlikely given the reasonably strong populati
of the band. Consistent with this is the observation that
intensity of the 1016 keV depopulating transition to a15

2
2

state of theKp5 9
2

2 band is much less than that of the 797
keV transition indicating that 1016 keV is not anM1 but
probably anE2 transition. Since the excited band membe

FIG. 17. ExperimentalgK values as a function of spin, com
pared with the predictions of the Nilsson model~dash-dotted line!
and the geometric model of Do¨nau@34# ~solid line! for the indicated
configurations. For theKp5

17
2

1 and 19
2

1 states, also shown are th
calculatedgK values for an alternativen2p configuration, using the
Nilsson model ~short-dashed line! and Dönau formalism ~long-
dashed line!. The filled triangles in theKp5

17
2

1 panel show the
experimentalgK values ifgR50.39, instead of 0.29, is used.
04432
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have significant out-of-band decay branches, the possib
of an unobserved lower level being the bandhead canno
ruled out. However, the lower spin states which can be c
structed from the available orbitals are expected to be e
getically unfavored compared with a19

2
2 intrinsic state,

therefore the19
2

2 level has been assumed to be the bandhe
The high alignment of the band, shown in Fig. 15~b!, is

only consistent with the configurations:n2$ 7
2

1@633#,
7
2

2@514#% ^ p1$ 5
2

1@402#% or n2$ 5
2

1@642#, 7
2

2@514#%

^ p1$ 7
2

1@404#% with gK values of 0.42 and 0.26, respe
tively, which with the inclusion of alignment effects giv
values of 0.61–0.59 and 0.48–0.45 over the spin range o23

2

to 27
2 . The experimentalgK value of 0.38~4! does not match

with the expectations of either of the configurations~Fig.
17!, although it appears to favor the latter which is, howev
expected to be energetically unfavored.

The reason for this discrepancy could be due to mixi
most likely with the band based on the21

2
2 state at 1355.0

keV, as could be inferred from Fig. 18. Such mixing cou
change the in-band properties of both the bands as indee
seen in the case of21

2
2 band~see Sec. VI C!, which shows an

unexpectedly rapid increase in alignment@Fig. 15~b!#. There
is also a chance near degeneracy of the19

2
2 and 9

2
2 bands at

spin 35
2 , leading to mixing of the two bands at higher spins

is apparent from Fig. 18. No out-of-band transitions fro
either of the bands were identified.

FIG. 18. Excitation energies versusJ(J11) with an arbitrary
rigid-rotor reference subtracted for the indicated bands. The exp
mental levels are shown by the filled symbols, and the results
band-mixing calculations~see Sec. VI C! are shown by the short
dashed lines and the solid lines, which are the loci of the unp
turbed and perturbed levels, respectively. The calculations did
include theKp5

19
2

2 band.
1-23
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9. KpÄ23
2
¿ state at 1698.5 keV (Fig. 3)

This state and its rotational levels up to the31
2

1 state were
known from previous work@21#. However, in the presen
study the 1834.6 keV level is assigned as the25

2
1 member of

the band, contrary to the previous assignment@21# of it being
a Kp5 25

2
1 intrinsic state with the higher levels being th

rotational band built on it. Observation of the 338.7 keVE2
transition connecting the27

2
1 to 23

2
1 level, and thegK2gR

values deduced from the intensities of the transitions
populating theI p5 27

2
1 state supports our assignment. T

rotational sequence extends up toI p5 43
2

1 and tentatively up

to ( 47
2

1). The band head de-excites by a 343.5 keV transit
to theKp5 21

2
2 state at 1355 keV. The 343.5 keV transitio

is assignedE1 character from the measured electron conv
sion coefficient~Table II!. A value ofA2520.25(4) for the
343.5 keV transition, combined with theE1 nature, fixes the
spin and parity of the level as23

2
1. The I p5 25

2
1 rotational

member has a strong in-band transition and it also decay
the Kp5 23

2
2 state at 1625.9 keV by a 208.8 keV transitio

The E1 nature of this transition deduced from the total co
version coefficient~Table II! further supports the spin an
parity assignment. This band is on the main decay route

theKp5 31
2

1 isomer, the (29
2 )1 level and theKp5 25

2
1 band

~Fig. 3!.
The band alignment shown in Fig. 15~a! is consistent with

the presence of ani 13/2 neutron. The likely Nilsson configu
rations are listed in Table V. The experimentalgK value of

0.58~4! value favors the n2$ 7
2

1@633#, 7
2

2@514#%

^ p1$ 9
2

2@514#% configuration, and agrees very well with th
expectations when alignment effects are included~see Fig.
17!. The first transition in the band has a low energy cau
probably by strong Coriolis mixing with members of th
Kp5 25

2
1 band obtained by replacing the72

1@633# neutron
by a 9

2
1@624# neutron, which will lower all states except th

23
2

1 bandhead. The compressed first rotational transitio
also observed@9,42# in 178W for theKp572 band, which is
related to the present23

2
1 band by the removal of the

9
2

2@514# proton. The frequency dependence of the alignm
of the Kp572 band and the23

2
1 band is almost identica

@see Fig. 15~a!#, the difference of about 1\ in magnitude
being attributable to the additional9

2
2@514# proton. This ob-

servation lends further support to the configuration ass
ment.

10. KpÄ25
2
¿ level at 2098.2 keV (Fig. 3)

This level was previously identified by Barne´oud et al.

@21# as aKp5( 25
2

2) state, based on the large negative a
gular distribution coefficient for the 399.7 keV depopulati
transition and an assumption of it beingE1, although the
possibility of M1 nature was not discounted. However,
the present work the 399.7 keV transition has been assig
M1 character, based on the measured conversion coeffic
given in Table II. The measured angular distribution coe
cient isA2520.59(21), but this is a combined value for th
399.7 keV transition and the 399.8 keV transition from t
2671.1 keV to the 2271.2 keV level~Fig. 3! which is prob-
ably aJ→J transition. The total angular distribution coeffi
04432
-

n

r-

to
.
-

of

d

is

t

-

-

ed
nts
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cient being negative indicates that the spin of the 2098.2 k
level is likely to be either21

2 or 25
2 . The existence of a 572.9

keV transition from theKp5( 29
2 )1 state at 2671.1 keV rules

out the 21
2 assignment, leading to the25

2
1 assignment. A

band based on this state, extending up toI p5 29
2

1 and
tentatively up to I p5 31

2
1 has been identified. The onl

likely Nilsson configuration is n2$ 7
2

2@514#, 9
2

1@624#%

^ p1$ 9
2

2@514#%. The Nilsson estimate of thegK value is 0.46
which changes to 0.56 with the inclusion of alignment e
fects. The experimental value of 0.39~16! compares well
with the theoretical estimates and the band alignment oi
;3\, shown in Fig. 15~a!, is consistent with the presence o
an i 13/2 neutron in the assignment.

11. KpÄ( 29
2 )¿ state at 2671.1 keV (Fig. 3)

This state is mainly fed by theKp5 31
2

1 isomer~see Fig.
5! and decays to theKp5 25

2
1 and 23

2
1 bands as shown in

Fig. 3. The associated band structure was not identified.

155.2 keV transition from the31
2

1 isomer to the (29
2 )1 level

~Fig. 5!, is assigned aM1/E2 character from the total con
version coefficient given in Table II, hence the assignmen
positive parity. The existence of various depopulating tran
tions, restricts the spin to be either29

2 or 27
2 ; the mixed

M1/E2 character of 155.2 keV transition makes it unlike

to be the latter, leading to a tentative assignment of (29
2 )1.

The bandhead is likely to be a 5-quasiparticle structure a
lies close to the other 5-quasiparticle bandheads and is m
higher than the 3-quasiparticle bandheads. The N

son configuration n2$ 5
2

2@512#, 7
2

2@514#% ^ p3$ 7
2

1@404#,
9
2

2@514#, 1
2

2@541#% is a possible candidate, but in the a
sence of an associated band, it is not possible to confirm

12. KpÄ31
2
¿ state at 2826.4 keV (Fig. 4)

This isomeric state has several decay routes, with
strongest being to theKp5 23

2
1 band members. The othe

branches go to the (29
2 )1 intrinsic state, and to the membe

of the 7
2

1@404# and the17
2

1 bands, as shown in Fig. 5. Th
measured conversion coefficients for the 555.3 and 78
keV depopulating transitions to the29

2
1 and 27

2
1 levels of the

Kp5 23
2

1 band, given in Table II, clearly show these tran
tions to be ofM1 andE2 character, respectively, leading
an unambiguous assignment of the spin and parity of
state. The meanlife of this state is determined to be
66 ns as detailed in Sec. IV E.

The alignment obtained from the tentative band memb
is ;2.5\. Out of the possible Nilsson configurations give
in Table V, the low alignment favors the first or the secon
the third being discounted due to the presence of two alig
particles. The first configuration is expected to be energ
cally favored, but a firm assignment is precluded in the
sence of information about other in-band properties.

13. KpÄ33
2
À state at 2852.6 keV (Fig. 4)

This state has a meanlife of 6665 ns and decays to th
Kp5 31

2
1 level by a 26.2 keV transition, which from the tota
1-24
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conversion coefficient must be ofE1 character. Out of the
possible spins of31

2
2 or 33

2
2, the former is unlikely as the

band built on this level is populated more strongly than
one built on the neighboringKp5 31

2
1 level ~2826.4 keV!.

Further, if the spin is assumed to be31
2

2, it implies Kp

5 35
2

1 for the state at 2956.8 keV~Fig. 4; see Sec. V C 14!,
which would then be expected to have a decay route to
Kp5 31

2
1 level at 2826.4 keV. Such a transition is abse

Combined, these observations lead to an assignment oKp

5 33
2

2 for this state. The alignment obtained from the fra
ment of the rotational band identified is low, indicating
absence of aligned particles. The Nilsson configuration

likely to be n2$ 5
2

2@512#, 7
2

2@514#% ^ p3$ 7
2

1@404#,
9
2

2@514#, 5
2

1@402#%. The gK value for this configuration is
calculated to be 0.75, which is to be compared with the
perimental value of 0.51226

19 . All the other possible configu
rations resulting inKp5 33

2
2 or Kp5 31

2
2 have twoi 13/2 neu-

trons and are not consistent with the observed alignmen

14. KpÄ35
2
¿ state at 2956.8 keV (Fig. 4)

The rotational band based on this new state extends u
I p5 49

2
1 and tentatively to51

2
1. The bandhead has a mea

life of 2.665 ns and decays to theKp5 33
2

2 state by an
104.2 keV transition. This transition is assignedE1 character
from the measured conversion coefficients~Table II! and has
a negativeA2, giving spins of31

2
1 or 35

2
1 for the state; the

higher spin being favored by the relatively strong populat
of the band.

The high alignment of the band~Fig. 16!, and a com-
pressed spacing between the bandhead and the first rota
level, both indicate the presence of Coriolis interactions a
hence the presence ofi 13/2 neutrons. The possible
5-quasiparticle Nilsson configurations for the state are lis
in Table V. The experimentalgK value of 0.82~4! derived
from the lower members of the band favors the first confi

ration n2$ 7
2

1@633#, 7
2

2@514#% ^ p3$ 7
2

1@404#, 9
2

2@514#,
5
2

1@402#%, and agrees well with thegK value calculated in-
cluding the alignment effects as illustrated in Fig. 17. T
lowering of theI p5 37

2
1 level is likely to be caused by mix

ing with an ~unobserved! 37
2

1 intrinsic state, obtained by
replacing the 7

2
1@633# neutron with a 9

2
1@624# neutron.

~Such a mixing may also be responsible for the lowergK
value obtained from the higher spin members of the band
shown in Fig. 17.! This situation is similar to that of the
Kp5 23

2
1 band and indeed the frequency dependence and

magnitude of the alignment of both bands is very simi
@Figs. 15~a! and 16~a!#.

15. KpÄ( 37
2 )À state at 3287.0 keV (Fig. 4)

This level decays by a 71.5 keV transition to theI p

5 35
2

2 level of theKp5 33
2

2 band and by a 330.1 keV tran
sition to theKp5 35

2
1 state~Fig. 4!. The 71.5 keV transition

is assignedM1 character from the total conversion coef
cient obtained from intensity balance; theE1/M2 possibility
is ruled out by the absence of a significant bandhead lifeti
Spins of 33

2
2, 35

2
2, or 37

2
2 are possible, but33

2
2 and 35

2
2 are
04432
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unlikely on account of the weak but significant population
this band relative to theKp5 35

2
1 band.

The band extends up toI p5( 47
2 )2 and has a high align-

ment of i;4\. The two likely Nilsson configurations ar
given in Table V. The experimentalgK value of 0.43~4!

favors the n4$ 5
2

2@512#, 7
2

1@633#, 7
2

2@514#, 9
2

1@624#%

^ p1$ 9
2

2@514#% configuration.

16. KpÄ43
2
¿ state at 4329.4 keV (Fig. 4)

A level which decays to the39
2

1 and 41
2

1 members of the
Kp5 35

2
1 band has been identified but only a tentative ide

tification of the first member of its rotational band was po
sible. The 461.5 keV depopulating transition to the41

2
1 state

has been assignedM1 character from the conversion coeffi
cient given in Table II, but itsA2 coefficient cannot be mea
sured directly since there is another transition at 461.9 k
which occurs in the 5

2
1@402# band. A value of A25

20.18(18) for the 461.5 keV transition has been dedu
from the known relative intensities of the 461.9 and 461
keV transitions, combined with the knowledge of the avera
of the A2 coefficients for the otherE2 transitions in the
5
2

1@402# band. Spins of39
2

1, 41
2

1, or 43
2

1 are thus possible
but a 41

2
1 value would require a quadrupole admixture whi

can be excluded by the conversion coefficient. A spin of39
2

1

for the bandhead is also unlikely given the population, th
leading to an assignment ofKp5 43

2
1. This is consistent with

the 818.3 keV branch to the39
2

1 level of theKp5 35
2

1 band
being relatively weak, due to its implied quadrupole char
ter. The meanlife of the state has been measured to be
60.3 ns.

This state has been assigned the 7-quasiparticle Nils

configuration of n4$ 1
2

2@521#, 5
2

2@512#, 7
2

2@514#,
9
2

1@624#% ^ p3$ 7
2

1@404#, 9
2

2@514#, 5
2

1@402#%. It is unlikely
to be the second configuration given in Table V which
energetically unfavored.

17. KpÄ45
2
À state at 4570.2 keV (Fig. 4)

This state decays to theKp5 43
2

1 state by a 240.8 keV
transition which has been assignedE1 character from the
measured conversion coefficients~Table II!. The value of
A250.01(20) deduced for the 240.8 keV transition, af
taking account of another 240.9 keVM1 transition in the
5
2

1@402# band, indicates that it is unlikely to be aJ→J tran-
sition. Spins of 41

2
2 or 45

2
2 are possible, the higher spi

being favored by weak but observable population of the fi
few rotational members of the band. Furthermore, the N
son configuration corresponding to the41

2
2 state is expected

to be higher in energy than the45
2

2 level. The Nilsson con-

figuration assigned to this state isn4$ 1
2

2@521#, 7
2

1@633#,
7
2

2@514#, 9
2

1@624#% ^ p3$ 7
2

1@404#, 9
2

2@514#, 5
2

1@402#% and
is consistent with the observed alignment~Fig. 16!.

18. KpÄ49
2
À state at 4656.3 keV (Fig. 4)

The isomeric state with a meanlife of 19266 ms identi-
fied in this work, decays to the45

2
2 state by an 86.1 keV
1-25
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transition, whose measuredL conversion and the total con
version coefficient characterize it asE2 ~Table II!. The level
spin value could be41

2
2 or 49

2
2 but the absence of ag-ray

transition (Eg5327 keV) to the43
2

1 intrinsic state, despite
the inhibited nature of the 86.1 keV transition~which leads
to the extremely long meanlife!, is only consistent with
the 49

2
2 possibility. The 7-quasiparticle configuratio

n4$ 5
2

2@512#, 7
2

1@633#, 7
2

2@514#, 9
2

1@624#% ^ p3$ 7
2

1@404#,
9
2

2@514#, 5
2

1@402#% is assigned to this state. The relative
strong population of the state and its subsequent decay
through a sequence of high-K isomers is consistent with it
high-K value and its yrast nature. At this stage the long li
time has precluded identification of transitions above
bandhead~a 257 keVg ray is a candidate!, although from
the other bands one could anticipate population of state
to ; 51

2 .

VI. THE BANDS BASED ON STATES AT 1355.0
AND 1874.9 keV

A chance near degeneracy atI p5 25
2

2 for these two bands
~see Fig. 3! gives rise to mixing and therefore out-of-ban
transitions. The spin assignments are discussed first,
lowed by band-mixing calculations performed to understa
their structure.

A. KpÄ 21
2
À state at 1355.0 keV„Fig. 3…

The Kp5 21
2

2 isomeric state was known from previou
work @23# and has been the subject of some investigat
@20,21# due to theK-forbidden nature of its decay. The con
version coefficients given in Table II confirmM1 andE2
multipolarities for the 311.3 and 549.9 keV transitions,
spectively. The rotational sequence based on this level
tends up to37

2
2 and possibly up to39

2
2.

B. The band based on the 1874.9 keV level„Fig. 3…

This level and its associated rotational band extending
to 43

2
2 are new. The 248.9 keV transition from the 1874

keV to the 23
2

2 level of the Kp5 21
2

2 band, has been as
signedM1 multipolarity from its total conversion coefficien
~see Table II!. This, combined with the existence of th
crossover transitions to and from theKp5 21

2
2 band at 1355

keV, fixes the spin and parity of the 1875 keV level as25
2

2.
Since the lower band members have significant out of b
decay, the possibility of an unobserved23

2
2 or 21

2
2 level

being the bandhead cannot be ruled out.

C. Band-mixing calculations

The experimental level energies of the two bands~with an
arbitrary rigid rotor reference removed! versusI (I 11) are
shown in Fig. 18 by the filled symbols, along with those
the nearby 9

2
2@514# band ~at 73.3 keV, Fig. 1! and Kp

5 19
2

2 band~at 1602.7 keV, Fig. 2!. In the figure perturba-
tions are evident in the energy levels of theKp5 21

2
2 band at

spin 25
2 , and in theKp5 9

2
2 band at higher spins, with th

latter possibly due to mixing with theKp5 19
2

2 band. A
band-mixing analysis including states from theKp5 9

2
2

04432
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band, the rotation-aligned band (s band!, theKp5 21
2

2 band
and the band based on the 1874.9 keV level was carried
to reproduce the experimental energy levels aroundI p

5 25
2

2. The rotational states were calculated by assum
spin-independent interactions and moments of inertia wh
defined the unperturbed bands. The perturbed levels, sh
in Fig. 18 by the solid lines, reproduce well the experimen
levels and also the perturbation of the25

2
2 and 27

2
2 levels of

the 21
2

2 band and the band beginning at 1874.9 keV. T
branching ratios for these two bands were then calcula
assuming differentgK2gR values depending on the assum
tions about their configurations as detailed in the next t
sections.

1. Structure of the KpÄ21
2
À band at 1355.0 keV

There are four possible Nilsson configurations for th
structure:

~i! p3$ 9
2

2@514#, 7
2

1@404#, 5
2

1@402#%,

~ii ! n2$ 7
2

2@514#, 5
2

2@512#% ^ p1$ 9
2

2@514#%,

~iii ! n2$ 7
2

2@514#, 7
2

1@633#% ^ p1$ 7
2

1@404#%,

~iv! n2$ 7
2

2@514#, 9
2

1@624#% ^ p1$ 5
2

1@402#%.
Similar three-quasiparticle21

2
2 isomers and bands base

on them are known in175Ta, where the21
2

2 band has ap3

structure, and in179Ta where the structure is proposed to
a mixture of configurations~i!, ~ii !, and~iv!. In Ref. @7# the
evolution of these configurations was studied for a series
tantalum isotopes and it was seen that while configuration~i!
is favored in 175Ta, all four configurations listed above ar
predicted to be close~energetically! in 177Ta. Indeed, in a
previous work@21# the 21

2
2 state in177Ta was thought to be

an admixture of configurations~i! and ~ii !.
The experimental branching ratios yield a value ofgK

2gR;0.45 at low spins and;0.36 at higher spins, neithe
of which match well with expectations for any of the abo
four configurations~Table V!, though they are closest to tha
of configuration ~ii !, which however does not have a
aligned particle. As shown in Fig. 15~b!, the band starts with
a low alignment of;1\ which rises rapidly to;6\. A gain
in alignment would be expected if mixing with configura
tions with an aligned particle occur, but such a rapid gain
difficult to explain. The band-mixing analysis that follow
reproduces the branching intensities at the lower spins,
does not resolve the problem of explaining thegK2gR val-
ues and the alignment.

The calculations were performed with two differentgK
2gR values for theKp5 21

2
2 band, the first assuminggK

2gR50.8 consistent withp3 configuration and the secon
taking gK2gR50.34. The latter is an empirical value ob
tained from the branching of theI p5 33

2
2 level where mixing

with other bands is not expected~see Fig. 18!. This approach
was preferred rather than the assumption of a value co
sponding to one of the above fourn2p configurations. In
both calculations, the band beginning at 1874.9 keV w
assumed to haveKp5 21

2
2 with gK2gR50.17, obtained

from the experimental branching ratios from itsI p5 33
2

2

level. The experimental and calculated dipole intensity
the in-band and out-of-band transitions for the two bands
1-26
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plotted in Fig. 19. While the calculation assuminggK2gR
50.8 ~lower panels! agrees with the experimental values
to spin 27

2 , it disagrees at higher spin values where a value
gK2gR50.34 explains the data better, indicating a change
structure of the21

2
2 band from ap3 configuration at lower

spins to an2p configuration at higher spins.
The structure of the band at higher spins, however,

mains an enigma since as indicated previously, the calc
tions, while successful in reproducing the branchings of
lower spin members, do not explain the experimental ali
ment or thegK2gR values. The situation is made more com
plex since mixing of configuration~i! with all the others, i.e.,
~ii !–~iv! is likely in 177Ta @7#. The large gain in alignmen
could arise from Coriolis mixing between configuration~iv!
and the band based on the19

2
2 state~as could be implied by

the loci of the two bands in Fig. 18!, the latter obtained by
replacing the7

2
1@633# neutron by a9

2
1@624# neutron. A

quantitative comparison may be possible with a more co
plex band-mixing calculation, including theKp5 19

2
2 band,

but has not been pursued as yet due to the inherent amb
ities.

2. The 1874.9 keV state and its band

If the 25
2

2 level at 1874.9 keV is assumed to be the ban

head then the only likely configuration isn2$ 7
2

1@633#,
9
2

1@624#% ^ p1$ 9
2

2@514#%. The experimental in-bandg-ray
branching ratio for the29

2 state, assumingK5 25
2 , yields an

imaginary value for the mixing ratiod, indicating either too
high a K value or K mixing. The experimentalgK value
determined from the higher spin members is 0.3516 ~the

FIG. 19. Experimental and calculated dipole intensities for
band~left panels! and out-of-band transitions~right panels! for the
Kp5

21
2

2 band at 1355.0 keV and the band above the 1874.9

state@Kp5( 21
2 )2#. The experimental values are shown by fille

symbols and the calculated intensities assuming differentgK2gR

values, as indicated, are shown by hollow symbols.
04432
f
n
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other limit being indeterminate asd2 is negative!, compared
with the theoretical Nilsson estimate ofgK50.31. The ex-
perimental alignment calculated assumingK5 25

2 is com-
pared in Fig. 20~a! with the alignment of theKp5 25

2
2 band

@8# in 181Re, which has the same configuration as that p
posed. The low alignment of the band in177Ta combined
with its different frequency dependence compared with t
of the 181Re band, argues against identification of the 187
keV state as a25

2
2 bandhead. Furthermore, the experimen

level is much lower (;400 keV) in energy than the predic
tions of the multiquasiparticle calculations for the25

2
2 intrin-

sic state~see Table VII and Sec. VII B!.
The alternatives are that the bandhead is a lower lying

unobserved23
2

2 or 21
2

2 level. The configurations consisten
with the relatively high alignment of the band are

~i! Kp5 23
2

2: n2$ 7
2

2@514#, 9
2

1@624#% ^ p1$ 7
2

1@404#%,

~ii ! Kp5 21
2

2: n2$ 7
2

2@514#, 9
2

1@624#% ^ p1$ 5
2

1@402#%,

~iii ! Kp5 21
2

2: n2$ 7
2

2@514#, 7
2

1@633#% ^ p1$ 7
2

1@404#%.

The first two involve then2$ 7
2

2@514#, 9
2

1@624#% combina-
tion, which also occurs in neighboring179Ta and 181Re nu-
clei @7,8#. The third configuration involving the

n2$ 7
2

2@514#, 7
2

1@633#% pair occurs in theKp5 23
2

1 and Kp

572 band@9,42# in 178W. The alignments for these bands
plotted in Figs. 20~b! and 20~c! along with the alignment for

-

V

FIG. 20. Alignments as a function of rotational frequency w
reference parametersI0535 MeV21\2 andI1570 MeV23\4 for
the 1874.9 keV band assuming different values ofK as indicated.
The alignments of selected bands in neighboring nuclei are sh
for comparison.
1-27
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TABLE VI. K-forbidden decays in177Ta.

Eg Mult. I g aT Tg
a n f n

b

~keV! ~rel.! ~s!

Kp5
17
2

1,E51522.9 keV;tm58(2) ns
479.5 E1 10~1! 0.008 5.531028 3 31b

718.0 E1 15~2! 0.003 3.731028 3 40b

718.0 M2 15~2! 0.003 3.731028 3 40b

935.9 E1 42~3! 0.002 1.331028 3 37b

621.4 M1 5~1! 0.031 1.131027 4 33
847.2 M1 8~1! 0.014 6.931028 4 37
1052.3 E2 6~2! 0.004 9.231028 3 23
889.8 E2 3~1! 0.006 1.831027 4 10
283.5 E1 10~3! 0.026 5.531028 2 170b

Kp5
21
2

2,E51355.0 keV;tm58.6(3) ms
53 M1 0.3~1! 5 1.131023 5 23
311.3 M1 39~4! 0.190 8.431026 5 26
549.9 E2 5~1! 0.016 6.631025 4 24
Kp5

31
2

1,E52826.4 keV;tm533(6) ns
296.5 M1 7~1! 0.217 4.231027 3 79
555.3 M1 60~5! 0.041 4.931028 3 72
789.3 E2 57~5! 0.007 5.131028 2 41
256.5 M1 2.4~6! 0.322 1.231026 6 10
502.2 E2 3.3~5! 0.020 9.831027 5 5
552.2 E2 2.0~5! 0.016 1.531026 10 3
Kp5

43
2

1,E54329.4 keV;tm51.0(3) ns
461.5 M1 12~1! 0.067 7.8310210 3 15
818.3 E2 0.7~1! 0.007 1.331028 2 23

aTg5Texp(iIgi(11ati)/Ig .
bFor E1 transitions theTW value was multiplied by 103 before calculatingf n .
in

n

a-
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e
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e
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s of

the
sso-
the band in question assuming eitherK5 23
2 or K5 21

2 as
appropriate. Whether the band has a configuration involv

then2$ 7
2

2, 9
2

1% component is ambiguous, since its alignme
does not match with that of theKp5 23

2
2 band@7# of 179Ta

with a configuration the same as~i!, but is close to that of the
Kp5 21

2
2 band @8# of 181Re which has the same configur

tion as~ii !. The band however closely follows the trends

those involving then2$ 7
2

2@514#, 7
2

1@633#% pair. Its align-
ment matches that of the 72 band @9# in 178W and theKp

523
2

1 band in 177Ta, the difference of;1\ compared to the
latter being due to the addition of the92

2@514# proton. The
experimentalgK2gR of 0.17 ~or 0.13! assumingK5 21

2 ~or
23
2 ) is closer to that of configuration~ii ! ~see Table V!, once
the alignment effects are included. Thus the band alignm
favors configuration~iii !, while thegK2gR favors configu-
ration ~ii !, although configuration~i! cannot be ruled out ex
perimentally. However, configuration~iii ! is energetically fa-
vored according to the multiquasiparticle calculations giv
in Table VII, and predicted to lie;365 and 436 keV below
configurations~i! and ~ii !, respectively.

The possibility of the bandhead being an unobserved21
2

2

level was investigated utilizing the phenomenological ba
mixing calculations using two sets of calculations; one
suming the bandhead to be aKp5 21

2
2 state at 1494 keV

with gK2gR50.17 for the band and the second assuming
04432
g

t

f

nt

n

-
-

e

bandhead to be aKp5 25
2

2 state at 1874 keV~the possibility
discussed in the previous section! with gK2gR50; the gK

2gR value in each case was obtained from theI p5 33
2

2 level
of the band. A value ofKp5 21

2
2 andgK2gR50.8 (p3 con-

figuration! was used for the band at 1355 keV. The expe
mental branching ratios are compared to the two sets of
culations in Fig. 21. Experiment corresponds closely with
calculations assumingKp5 25

2
2 as the bandhead. If the

bandhead isKp5 21
2

2 ~or Kp5 23
2

2 at 1673 keV! then the
27
2

2→ 23
2

2 E2 transition would be expected to be visib
according to the calculations~Fig. 21 bottom panel!, as
would the out-of-band transition from the23

2
2 level to the

Kp5 21
2

2 bandhead. These transitions were not identified
perimentally, though the possibility could not be ruled o
completely due to complexity of theg-ray spectrum.

In summary, the assignment ofKp5 25
2

2 as the bandhead
is supported by the observed branchings in the region of
25
2

2 state where there are perturbations, but the low ali
ment of the band and the results of the multiquasipart
calculations which predict this state to be much higher ar
against it. The scenario of an unobservedKp5 21

2
2 or 23

2
2

state being the bandhead is still possible from the analysi
the branching ratios, and the band alignment and thegK
2gR values could support either of the assignments. In
absence of any further information, this band has been a
1-28



COMPETITION BETWEEN HIGH-K STATES AND . . . PHYSICAL REVIEW C 61 044321
TABLE VII. Calculated and experimental energies of multiquasiparticle states in177Ta.

Dn Dp Eqp Eres
b Ecal Eexpt

Kp Configurationa ~keV! ~keV! ~keV! ~keV! ~keV! ~keV!

7
2

1 p1@
7
2

1# 742 866 0 0 0
5
2

1 p1@
5
2

1# 742 860 63 63 70
9
2

2 p1@
9
2

2# 742 861 66 66 73
1
2

2 p1@
1
2

2# 742 865 208 208 217
11
2

2 p1@
11
2

2# 742 908 1540 1540 ~899!
13
2

1 n2@
1
2

2, 5
2

2# ^ p1@
7
2

1# 540 866 1655 –133 1522
13
2

2 p3@
1
2

2, 5
2

1, 7
2

1# 742 598 1731 –212 1519
15
2

1 n2@
1
2

2, 7
2

2# ^ p1@
7
2

1# 531 866 1417 –16 1401
17
2

1 n2@
5
2

2, 7
2

2# ^ p1@
5
2

1# 533 860 1544 –65 1479
17
2

1 p3@
1
2

2, 7
2

1, 9
2

2# 742 598 1736 –120 1616 1523
19
2

1 n2@
5
2

2, 7
2

2# ^ p1@
7
2

1# 533 866 1481 –128 1353
19
2

2 n2@
7
2

1, 7
2

2# ^ p1@
5
2

1# 538 860 1682 –75 1607 1603
19
2

2 n2@
5
2

1, 7
2

2# ^ p1@
7
2

1# 551 866 1938 –155 1783
21
2

2 p3@
5
2

1, 7
2

1, 9
2

2# 742 597 1536 –132 1404 1355
21
2

2 n2@
5
2

2, 7
2

2# ^ p1@
9
2

2# 533 861 1547 –99 1448
21
2

2 n2@
7
2

1, 7
2

2# ^ p1@
7
2

1# 538 866 1619 –152 1467 , 1875
21
2

2 n2@
7
2

2, 9
2

1# ^ p1@
5
2

1# 550 860 2042 –138 1903
23
2

1 n2@
7
2

1, 7
2

2# ^ p1@
9
2

2# 538 861 1685 –99 1586 1699
23
2

2 n2@
7
2

2, 9
2

1# ^ p1@
7
2

1# 550 866 1979 –147 1832
25
2

1 n2@
7
2

2, 9
2

1# ^ p1@
9
2

2# 550 861 2045 –99 1946 2098
25
2

2 n2@
9
2

1, 7
2

1# ^ p1@
9
2

2# 552 861 2201 171 2272
27
2

2 n2@
1
2

2, 5
2

2# ^ p3@
5
2

1, 7
2

1, 9
2

2# 540 597 3191 –266 2925
29
2

1 n2@
5
2

2, 7
2

2# ^ p3@
1
2

2, 7
2

1, 9
2

2# 533 598 3218 –269 2949 ~2671!
31
2

1 n4@
1
2

2, 5
2

2, 7
2

2, 9
2

1# ^ p1@
9
2

2# 399 861 3206 –107 3099 2826
33
2

2 n2@
5
2

2, 7
2

2# ^ p3@
5
2

1, 7
2

1, 9
2

2# 533 597 3017 –305 2712 2853
35
2

1 n2@
7
2

1, 7
2

2# ^ p3@
5
2

1, 7
2

1, 9
2

2# 538 597 3155 –322 2833 2957
37
2

1 n2@
7
2

2, 9
2

1# ^ p3@
5
2

1, 7
2

1, 9
2

2# 550 597 3515 –380 3135
37
2

2 n4@
5
2

2, 7
2

1, 7
2

2, 9
2

1# ^ p1@
9
2

2# 400 861 3414 173 3587 ~3287!
37
2

2 n2@
7
2

1, 9
2

1# ^ p3@
5
2

1, 7
2

1, 9
2

2# 552 597 3671 –159 3512
39
2

2 n2@
7
2

2, 9
2

1# ^ p3@
7
2

2, 7
2

1, 9
2

2# 550 673 4457 –282 4175
41
2

2 n2@
7
2

1, 7
2

2# ^ p3@
7
2

1, 9
2

2, 11
2

2# 538 635 4837 –287 4550
43
2

1 n4@
1
2

2, 5
2

2, 7
2

2, 9
2

1# ^ p3@
5
2

1, 7
2

1, 9
2

2# 399 597 4677 –382 4295 4329
45
2

2 n4@
1
2

2, 7
2

1, 7
2

2, 9
2

1# ^ p3@
5
2

1, 7
2

1, 9
2

2# 400 597 4813 –345 4468 4570
47
2

2 n4@
5
2

1, 5
2

2, 7
2

2, 9
2

1# ^ p3@
5
2

1, 7
2

1, 9
2

2# 408 597 5219 –93 5126
49
2

2 n4@
5
2

2, 7
2

1, 7
2

2, 9
2

1# ^ p3@
5
2

1, 7
2

1, 9
2

2# 400 597 4884 –132 4752 4656
51
2

1 n4@
5
2

2, 7
2

1, 7
2

2, 9
2

1# ^ p3@
7
2

2, 7
2

1, 9
2

2# 436 673 5827 –129 5698
53
2

2 n4@
1
2

2, 7
2

1, 7
2

2, 9
2

1# ^ p5@
7
2

2, 7
2

1, 9
2

2, 5
2

1, 1
2

2# 400 454 6959 –327 6632
55
2

1 n4@
5
2

2, 7
2

1, 7
2

2, 9
2

1# ^ p3@
7
2

1, 9
2

2, 11
2

2# 400 635 6566 –93 6473
57
2

2 n4@
5
2

2, 7
2

1, 7
2

2, 9
2

1# ^ p5@
7
2

2, 7
2

1, 9
2

2, 5
2

1, 1
2

2# 400 454 7030 –185 6845
59
2

2 n4@
5
2

1, 7
2

1, 7
2

2, 9
2

1# ^ p5@
1
2

1, 7
2

1, 9
2

2, 5
2

1, 3
2

2# 400 441 6959 –327 6632
61
2

1 n4@
5
2

2, 7
2

1, 7
2

2, 9
2

1# ^ p5@
1
2

1, 7
2

1, 9
2

2, 5
2

1, 11
2

2# 400 457 8179 –324 7855
63
2

1 n4@
5
2

2, 7
2

1, 7
2

2, 9
2

1# ^ p5@
7
2

2, 7
2

1, 9
2

2, 1
2

2, 11
2

2# 400 454 8718 –196 8522
63
2

2 n4@
1
2

2, 7
2

1, 7
2

2, 9
2

1# ^ p5@
7
2

2, 7
2

1, 9
2

2, 5
2

1, 11
2

2# 400 457 8434 1277 8711
044321-29
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TABLE VII. ~Continued!.

Dn Dp Eqp Eres
b Ecal Eexpt

Kp Configurationa ~keV! ~keV! ~keV! ~keV! ~keV! ~keV!

65
2

1 n4@
5
2

2, 7
2

1, 7
2

2, 9
2

1# ^ p5@
7
2

2, 7
2

1, 9
2

2, 3
2

2, 11
2

2# 400 463 9203 –384 8819
65
2

2 n4@
5
2

1, 5
2

2, 7
2

2, 9
2

1# ^ p5@
7
2

2, 7
2

1, 9
2

2, 5
2

1, 11
2

2# 408 457 8840 1168 9008
67
2

2 n4@
5
2

2, 7
2

1, 7
2

2, 9
2

1# ^ p5@
7
2

2, 7
2

1, 9
2

2, 5
2

1, 11
2

2# 400 457 8505 148 8553

aConfigurations:neutrons(n): 1
2

2@521#; 7
2

1@633#; 5
2

1@642#; 5
2

2@512#; 7
2

2@514#; 9
2

1@624#. protons (p):
9
2

2@514#; 7
2

1@404#; 5
2

1@402#; 1
2

2@541#; 11
2

2@505#; 7
2

2@523#; 3
2

2@532#; 1
2

1@411#. Boldface indicates Cori-
olis mixed orbital.
bReference@46#.
rit

re
rda-

new

ady

.

and
to

he

r

re in

e-
lcu-
e

ta
ciated tentatively with the energetically favored~see Table

VII ! configuration~iii ! and is labeled withKp5( 21
2 )2 in the

level scheme.

VII. DISCUSSION

A. K-forbidden g-ray transitions

Electromagnetic transitions for which changes in theK
quantum number are larger than the transition multipola

FIG. 21. The experimental relative branching ratios for theKp

5
21
2

2 band at 1355.0 keV and the band above the 1874.9 keV s
are compared with the results of band-mixing calculations~see Sec.
VI C! assumingK5

21
2 ~bottom panel! or K5

25
2 ~top panel! for the

latter band.
04432
y

(l) are, in principle, forbidden, although in practice they a
observed but hindered. A measure of the amount of reta
tion is provided by theK hindrance per degree ofK forbid-
dennessf n , defined as

f n5~Tg /TW!1/n, ~3!

where Tg is the partialg-ray halflife and andTW is the
Weisskopf single-particle estimate.

In addition to the well-knownKp5 21
2

2 isomer at 1355.0
keV, the present study reveals the presence of several
isomers which decay byK-forbidden transitions, as listed in
Table VI with their f n values. Note that forE1 transitions,
the TW value is multiplied by 103 before calculatingf n to
take account of the fact that normal transitions are alre
usually hindered. The values for transitions from theKp

5 17
2

1 and 21
2

2 isomers closely correspond with those of17
2

1

and 21
2

2 states in175Ta @6# which are structurally identical
The 257 and 502 keV transitions~both to theKp5 17

2
1 band!

and the 552 keV transition~to theKp5 7
2

1 band! depopulat-
ing theKp5 31

2
1 isomer, are anomalously fast, withf n val-

ues lower than systematics would suggest. For the 257
502 keV transitions, this can be attributed at least partly
local mixing with the 31

2
1 member of theKp5 17

2
1 band

which is within 14 keV. Further, theKp5 7
2

1 band alignment
~see Fig. 14! shows a gain at aroundI p5 27

2
1 corresponding

to the alignment ofi 13/2 neutrons, which would lead to a
mixed K for the higher spin states. This, combined with t
mixing of the 7

2
1 band withKp5 17

2
1 band~the 29

2
1 states

are within 12 keV!, leads to a smallerf n value for the 552.2
keV transition which connects theKp5 31

2
1 isomeric state to

the 27
2

1 member of theKp5 7
2

1 band. A similar local-mixing
situation, leading to smallf n values, has been reported fo
the 5-quasiparticle isomer in175Hf @43#.

In addition to the states listed in Table VI, theK5( 17
2 )

state at 1476.9 keV~Fig. 2! and theKp5 19
2

2 state at 1602.7
keV ~Fig. 2!, also decay byK-forbidden transitions. Thef n

values for the transitions depopulating these two states a
agreement with the systematics.

B. Multiquasiparticle calculations

In our earlier work@4# good agreement was obtained b
tween the experimental energies and those from BCS ca
lations, with the inclusion of blocking for multiquasiparticl

te
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states. However, this agreement could be fortuitous du
the inherent limitations@44–46# of the BCS theory, which
results in an artificial collapse of pairing for low values
the pairing-force strength, as seen in our previous calc
tions @4#. These limitations can partly be overcome if th
pairing correlations are treated using the Lipkin-Nogami f
malism @47#. In this section we present such calculations.

The single-particle energies required as inputs to the
culations, were obtained from the Nilsson model using
deformation parameters given in Sec. V A. The energies
the states close to the Fermi surface were subsequently
justed to reproduce approximately the experimental o
quasiparticle energies, in177Ta in the case of protons, and a
average of177Hf and 177W energies in the case of neutron
Pairing force strengths ofGp520.7/A MeV and Gn

518.3/A MeV were used for the calculations, yieldin
ground-state pairing gaps of 866 and 742 keV, respectiv
Following this procedure, the multiquasiparticle energ
were calculated without further adjustment of paramete
These calculations in general agree well with those of R
@7#, where calculations were performed to obtain a consis
picture of the multiquasiparticle states in a series of Ta i
topes, but the parameters in the present case have bee
justed slightly for 177Ta. As a result, the 7-quasipartic
states, all of which contain a92

1@624# neutron, are repro-
duced better in the present calculation and it is likely tha
the calculations of Ref.@7#, the 9

2
1@624# level was taken to

be too close to the Fermi surface.
The resulting comparison with experiment is presented

Table VII along with the values for the pairing energies f
protons and neutrons and the residual interactions@46#. For
ease of comparison, the excitation energies relative to
1
2

2@541# band members, as a function of spin, are shown
Fig. 22. The calculations, with the inclusion of residual i
teraction energies, are in good agreement with the excita
energies of the experimentally observed multiquasipart

FIG. 22. Comparison between experimental~filled points! and
calculated~hollow points! yrast and near-yrast multiquasipartic
states in177Ta relative to the1

2
2@541# band. For theKp5

21
2

2 state,
two experimental points are shown, one for the 1355.0 keV s
and the other at 1467 keV which is the predicted energy from
band-mixing calculation~see Sec. VI C!, of the 21

2
2 bandhead as-

sociated with the 1874.9 keV band.
04432
to

a-

-

l-
e
f
d-
-

y.
s
s.
f.
nt
-
ad-

n

n

e
n

n
le

states. It is of note that almost all the states which are p
dicted to lie in close proximity to the yrast line have be
observed.

Even though the overall agreement is good, there are
agreements which need comment. The calculated19

2
1 state

with a configurationn2$ 5
2

2, 7
2

2% ^ p$ 7
2

1% is predicted to be
significantly lower than any corresponding observed sta
Experimentally, only a19

2
2 state ~1603 keV! is observed

with no plausible candidate for a19
2

1 state. Considering the
component configurations among the neighboring even-e

nuclei, an2$ 5
2

2, 7
2

2% configuration forming a 61 state, oc-
curs@9# in 178W at an excitation energy of 1666 keV. Thu

the 19
2

1 state formed by the addition ofp$ 7
2

1%, which is the
ground-state configuration of177Ta, is expected to have a
excitation energy of;1670 keV. However, it may not com
pete favorably with the19

2
2 configuration which has an

aligned particle, thus possibly accounting for the19
2

1 state
not being observed. However, it also indicates that
present calculations underpredict the excitation energy of

n2$ 5
2

2, 7
2

2% combination. This deduction is also support

by the fact that theKp5 33
2

2 state, assigned an2$ 5
2

2, 7
2

2%

^ p3$ 5
2

1, 7
2

1, 9
2

2% configuration, has an excitation energ
higher than predicted, even though the predicted energy
the p3 component, resulting in a21

2
2 state, matches very

well with experiment.
The 25

2
1 state at 2098 keV interacts with the25

2
1 level

~1835 keV! of the 23
2

1 band leading to the compression
the first rotational excitation of the latter~see Fig. 3!. Since
the lower 25

2
1 state is pushed down by;35 keV due to the

interaction, the experimental~upper! Kp5 25
2

1 state is ex-
pected be pushed up by a similar amount. This reduces
discrepancy between the calculated and observed sta
;117 keV. The calculations predict a37

2
1 configuration to

be ;400 keV lower than the37
2

2 configuration, but the
former has not been identified and the latter lies 225 k
below the calculated value~see Table VII!. The reason for
the 37

2
1 state not being observed could be due to mixing w

the closely related structure ofKp5 35
2

1, which also results
in lowering of the 37

2
1 member of the35

2
1 band as seen

experimentally~Fig. 4!.
Predicted states with spins higher than49

2 are also listed in
Table VII. The 9-quasiparticleKp5 67

2
2 state, at an excita-

tion energy of 8553 keV, is predicted to be an yrast tr
which is consistent with the expectations of calculations
Åberg @17#. This state could decay either by a low ener
~;30 keV! M2 transition to the63

2
1 state~the 63

2
1 state is

expected to be lower in energy than the63
2

2 state due to the
residual interactions! or by anE3 transition of;700 keV
to the 61

2
1 state. In either case the transition will be slo

leading to a long lifetime for the67
2

2 state.

C. Formation of the yrast line

The competition between the intrinsic high-K states and
their collective structures in forming the yrast line in th
odd-even Ta isotopes is determined primarily by the posit
of the neutron Fermi surface. For the lighter isotopes l

te
e
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173Ta and 175Ta, the Fermi surface lies around the1
2

2@521#
and 5

2
2@512# low-V orbitals and thus the high-K configura-

tions with 7
2

1@633# and 9
2

1@624# neutrons are higher in en

ergy. Consequently, thep1$ 1
2

2@541#% rotational band re-
mains yrast@7# up to very high spins. On the other hand,
the heavier179Ta isotope the neutron Fermi level lies b
tween the7

2
2@514# and 9

2
1@624# orbitals, and the yrast line

is formed by high-K multiquasiparticle states and the colle
tive structures associated with their rotation.

In 177Ta, the neutron Fermi surface lies between
5
2

2@512# and 7
2

2@514# orbitals, which is approximately in
the middle of the7

2
1@633# and 9

2
1@624# high-V orbitals.

Consequently, high-K two- and four-quasineutron configura
tions occur at low energies and the situation is similar for
one- or three-quasiproton configurations, with the result t
many competing multiquasiparticle states can be formed
illustrated in Fig. 22, the yrast line is formed by the1

2
2@541#

band up toI; 35
2 , after which high-K states each with con

figurations involving large-V orbitals and their collective ro
tation become yrast.

Although the three-quasiparticle configurations all
above the yrast line, the occurrence of many closely rela
high-K structures gives rise to complex mixing and thus
features in the rotational structures~see Sec. VI!, which are
not yet fully understood. The five-quasiparticleKp5 35

2
1

band at 2956.8 keV becomes yrast atI . 35
2 , with further

changes occurring atI 5 45
2 and 49

2 , where theKp5 45
2

2 and
the Kp5 49

2
2 states become yrast, respectively. These st

decay by transitions minimizing the change inK, to the ro-
tational band members built on high-K bandheads or directly
to high-K intrinsic states, thus enabling many quasiparti
states and their rotational bands to be identified.

The least retarded decay path for theKp5 49
2

2 state is
thus to theKp5 45

2
2 state by a low-energy~86.1 keV!, high

multipolarity (E2) transition leading to its long meanlife
The 49

2
2 state can thus be identified as aspin trap. An almost

identical situation arises for theKp5222 spin-trap@12# in
the neighboring176Hf nucleus with a configuration similar to

the Kp5 49
2

2 state„49
2

25222
^ p1( 5

2
1@402#)…, which has a
d

T.

P.
tt.

F.

T.

04432
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meanlife of 62 ms and decays to a 202 state by a 97 keVE2
transition.

VIII. CONCLUSIONS

The nucleus177Ta, with its neutron and proton Fermi su
faces lying close to orbitals with large values ofV, is ideal
for investigating the high-K multiquasiparticle states, thei
rotational structure and structural changes which occur
to competing configurations. The study reveals a multitu
of high-seniority states, some of which are isomeric. Tim
correlatedg-ray data were essential in order to identi
weakly populated isomeric states and the associated r
tional bands.

Configurations for the observed intrinsic states were
signed on the basis of their decay and the properties of t
rotational bands. While most of the bands are well und
stood, the behavior of some of the bands, most notably
one built on theKp5 21

2
2 3-quasiparticle isomer, is difficul

to explain. Such anomalous behavior is possibly due to m
ing with several competing configurations at high spins
177Ta. Nevertheless, almost all the intrinsic states which
predicted by multiquasiparticle calculations to lie close to
yrast line, have been observed experimentally.

The Kp5 21
2

2 and 49
2

2 states are very long lived (8.6
60.3 ms and 19266 ms, respectively! as a result of sub-
stantialK hindrance in the former but of spin trapping in th
latter. The calculations predict the existence of aKp5 67

2
2

yrast isomer at an excitation energy of about 8.5 MeV. E
perimentally, it is difficult to form such high angular mo
mentum states using stable beams except through low cr
section reactions involving charged particle emission.
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