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Low-K two-quasiparticle states in 180Ta

T. Wendel,1 J. Gröger,1 C. Günther,1 A. I. Levon,1,* P. E. Garrett,2,† L. Genilloud,2 J. Jolie,2,‡ J. Kern,2,§ S. Mannanal,2
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Excited states in180Ta, populated in the180Hf( p,n) and (d,2n) reactions, were investigated by in-beam
g-ray and conversion-electron spectroscopy. In addition to the excited two-quasiparticle bands withKp502

and 12 known from previous work, we have identified six other low-lying two-quasiparticle bands withK
<4. At intermediateK, 12 previously unkown levels were identified that could, however, not be associated
reliably with rotational bands. These levels might be of significance in connection with the as yet unresolved
problem of the stellar production mechanism for the 92 isomer of 180Ta. At higherK we observe only levels
known from the previous in-beamg-spectroscopic studies with heavier projectiles, but suggest for some levels
a different ordering into rotational bands based on band-mixing considerations. We also report a deuteron
spectrum measured in the181Ta(p,d)180Ta reaction with high resolution and statistics. This spectrum served for
configuration assignments and yields an energy of 7861 keV for the 92 isomer in 180Ta.
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I. INTRODUCTION

The nuclear structure of the doubly odd nucleus180Ta is
of current interest in connection with the nucleosynthesis
this isotope. The180Ta species found in nature, with an abu
dance of 0.012%, is a quasistable 92 isomer (t1/2

.1015 yr) at an excitation energy of approximately 78 ke
whereas the 11 ground state decays with a half-life of 8 h. I
spite of considerable experimental and theoretical efforts,
production and survival of the spin-trap isomer in nucleos
thesis is not clear@1,2#. One open question is the extent
the coupling of the isomer and the ground state in the pho
bath of the stellar environment via resonant excitation
higher-lying excited levels. An understanding of this proble
requires a detailed knowledge of the nuclear structure
180Ta.

The experimental knowledge on the nuclear excitations
180Ta available before 1996 is summarized in Ref.@3#. Ex-
cited states were studied in proton and neutron transfe
targets of 179Hf and 181Ta. The intrinsic levels observed i
180Ta are essentially restricted to those due to the couplin
the proton ground state of181Ta with the intrinsic neutron
states and the coupling of the neutron ground state of179Hf
with the intrinsic proton states. Furthermore, these invest
tions do not provide information on theg decay of the iden-
tified levels. Recently, excited states in180Ta were studied
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with in-beamg-ray spectroscopic methods following com
pound reactions with7Li and 11B ions @4–6# and deep-
inelastic reactions@7#. In these investigations many low
lying two-quasiparticle states and their associated rotatio
bands were identified, but due to the nature of the reacti
used preferentially excitations with highK ~the projection of
the spin on the nuclear deformation axis! are populated. Be-
low K54 only two excited two-quasiparticle states were o
served, which were already known from the previous trans
experiments.

In order to identify the two-quasiparticle states in180Ta
with low and intermediateK we have performed in-beam
g-ray and conversion-electron spectroscopy following
(p,n) and (d,2n) reactions@8#. The results of these investi
gations are reported in the present paper. In addition,
present the results of an earlier high-resolution measurem
of the deuteron spectrum in the reaction181Ta(p,d)180Ta @9#
that is an essential help in the assignment of tw
quasiparticle configurations to the levels observed in180Ta.

II. EXPERIMENTAL METHODS AND RESULTS

The 180Hf( p,n)180Ta reaction is expected to dominate
proton bombarding energies below 10 MeV, as compared
the Coulomb barrier for this reaction of'13 MeV. We,
therefore, chose the (d,2n) reaction for our first measure
ments. In a later measurement of the excitation functions
the (p,xn) reactions, we found that the (p,n) reaction at
Ep'9 MeV is most favorable for the investigation of th
low-spin-level structure of180Ta @10,11#. In this section, we
will first present some results obtained in the (d,2n) reaction
followed by a more detailed discussion of the results o
tained in the (p,n) reaction. The deuteron spectrum me
sured in the181Ta(p,d)180Ta reaction will then be presente
and in a final subsection we will give a graphical summary
the band structure observed in180Ta.
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A. gg coincidences following the180Hf „d,2n…180Ta reaction

A target of 8 mg/cm2 HfO2 enriched to 94.3% in180Hf
was bombarded with 12.4 MeV deuterons at the cyclotron
the PSI ~Villigen, Switzerland!. Gamma-gamma coinci
dences were measured using a setup containing
Compton-suppressed Ge detectors@12#. A total of '5 mil-
lion twofold coincidences were recorded in list mode, sor
with an appropriate time window into a 4k34k matrix and
analyzed with the interactiveRADWARE package@13#.

In addition to the (d,2n) reaction, we observed the deu
teron breakup reactions leading to181Hf, 180Hf, and 179Hf.
Using the precisely known energies ofg rays in 181Ta ~from
the radioactive decay of181Hf), 180Hf, and 179Hf, we derived
accurate energies for the strongg rays in 180Ta listed in
Table I. For comparison the energies reported in Refs.@4,5#
are also included in the table. We note in this connectio
problem with theg-ray energies reported by Saitohet al. @5#:
the energies of theDI 51 andDI 52 transitions within rota-
tional bands are inconsistent, with, e.g., a systematic disc
ancy of'0.4 keV for the energies between'250 keV and
'500 keV.

For all weakg rays ourgg coincidences measured in th
(p,n) reaction provide better information, apart from a fe
transitions between high-spin states, due to much be
counting statistics. We will, therefore, only discuss two e
amples of the (d,2n) data and include the results in the tabl
presented in the following section.

The g-ray spectra in coincidence with the 100.8 keV 81

→92 transition measured in the (p,n) and (d,2n) reactions

TABLE I. Energies of selectedg rays in 180Ta.

Transition Eg ~keV!

(I p,K) i (I p,K) f Present worka Ref. @4# Ref. @5#

42,0 32,0 83.86 83.9 83.9
52,0 42,0 101.64 101.5 101.7
02,0 11,1 107.71 107.8 107.6
62,0 52,0 127.84 127.8 127.6
72,0 62,0 138.19 138.0 138.3
82,0 72,0 171.30 171.2 170.9
42,4 32,1 177.68
32,1 42,0 226.04
22,1 32,0 243.74
12,1 22,0 252.39 252.5 252.1
12,1 02,0 315.63 315.8 315.4
22,1 12,0 347.53 347.8 346.8
32,1 22,0 373.07 373.5 372.8
51,4 41,4 121.44 121.1 121.8
41,4 31,1 409.14 409.1 408.8
81,8 92,9 100.75 100.7 100.6
62,6 72,7 111.32 111.0 111.1
71,7 81,8 179.12 179.0 178.9
91,8 81,8 196.35 196.3 196.2
62,6 71,7 217.88 218.0
101,8 91,8 221.22 221.3 221.1
72,7 81,8 285.60 285.7 285.3

aEstimated accuracy60.05 keV.
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are shown in Fig. 1. This comparison illustrates the mu
better counting rates obtained in the (p,n) reaction~see also
Fig. 3!, but also the enhancement of the population of
states with increasing spin in the (d,2n) reaction: the 179.1
and 285.6 keVg rays result from the decay of levels wit
spin 7, whereas the 196.4 and 338.0 keVg rays depopulate
levels with spin 9 and 8, respectively.

To illustrate the limit for the identification ofgg coinci-
dences imposed by the energy resolution, we show in Fi
the g ray spectra in coincidence with 217.2 and 217.9 k
transitions. The peaks resulting from theg rays in coinci-
dence with the gate transitions are labeled by theg-ray en-
ergies.

B. gg coincidences following the180Hf „p,n…180Ta reaction

Gamma-gamma coincidences following the (p,n) reac-
tion were measured at the Bonn cyclotron with a coincide
setup containing five Compton-suppressed Ge detector
9 mg/cm2 thick target of HfO2 enriched to 94.3% in180Hf
was bombarded with 8.9 MeV protons. A total of'15 mil-
lion twofold coincidences in180Ta were accumulated durin
an effective time of data accumulation of 4 days. Again,
list-mode data were sorted into a 4k34k matrix and ana-
lyzed with theRADWARE package@13#.

FIG. 1. Gamma-ray spectra in coincidence with the 100.8 k
81→92 transition measured in the (p,n) and (d,2n) reactions.
9-2
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LOW-K TWO-QUASIPARTICLE STATES IN180Ta PHYSICAL REVIEW C 65 014309
As an illustration of the quality of our data and our re
soning for the assignment of theg rays in the level scheme
of 180Ta, we show someg-ray spectra in Figs. 3–6. Section
of the g-ray spectra in coincidence with the transitions fro
the bandheads of the first-excitedKp502 band to the
ground state~107.7 keV g ray! and the first-excitedKp

581 band to the 92 isomer~100.8 keVg ray! are shown in
Fig. 3. The figure illustrates the predominant population
low-spin states in the (p,n) reaction. The rotational member
of the 02 band decay byDI 51 intrabandM1 transitions
and, therefore, allg rays populating this band are observ
in coincidence with the 107.7 keV transition. Similarly, allg
rays from the high-spin states populated in the (p,n) reac-
tion, which are observed in ourgg coincidence spectra, pro
ceed via the 81 level.

The rotational band most strongly populated in the (p,n)
reaction is the first-excitedKp512 band with its bandhead
at 423 keV. The members of this band decay byDI 51 in-
trabandM1 transitions and byM1 transitions to the 02 band
~e.g., the 252.4, 315.6, and 373.1 keVg rays in Fig. 3!. The
depopulation of the three lowest members of theKp512

band is shown in Fig. 4. Most significant is the predomin
decay by the intraband transitions, in particular for the2

level. This feature will be used below in the identification

FIG. 2. Gamma-ray spectra in coincidence with 217.2 and 21
keV transitions measured in the (d,2n) reaction.
01430
f
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the 42 member of this band and discussed in Sec. III D 1
Several levels populated in the (p,n) reaction decay pre-

dominantly to the 11 ground band. The rotational membe
of this band decay by intraband transitions and thus thg
rays populating these levels are not in coincidence with
107.7 keV 02→11 transition. Up to the 41 member of the
ground band the depopulatingDI 51 intrabandM1 transi-
tions have too low energies andg ray intensities to be de
tected in our coincidence setup, and therefore excited st
populating predominantly these levels can only be identifi
in thegg coincidence measurement if they are populated
sufficiently strongg transitions. As an example, we show
Fig. 5 the correspondingg-ray spectra for the two lowes
members of the first-excitedKp511 band with its bandhead
at 320 keV. The figure demonstrates in particular the we
ness ofDI 51 M1 transitions in this band: theg rays popu-
lating the 371 keV 21 level and depopulating the 320 ke
11 level are not in coincidence. ThisKp511 band, which
was not known from the previous work, is one of the mo
strongly populated bands in the (p,n) reaction~see Table V!.

The established band with the highestK decaying to the
ground state is aKp541 band with its bandhead at 520 keV
This band is a promising candidate to be involved in t
transformation from the 92 isomer to the 11 ground state by
inelastic photon scattering or Coulomb excitation@14#. In

.9 FIG. 3. Gamma-ray spectra in coincidence with the 100.8 k
81→92 and 107.7 keV 02→11 transitions.
9-3
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T. WENDEL et al. PHYSICAL REVIEW C 65 014309
Fig. 6, we show a section of theg ray spectrum in coinci-
dence with the 409 keV transition depopulating the 520 k
41 level, as observed in the (p,n) and (d,2n) reactions. A
comparison of these two spectra provides some informa
on the spins of the populated levels, as discussed below

The g rays observed in the (p,n) and (d,2n) reactions
can be categorized in three groups listed for reasons of c
ness in separate tables:~1! g rays populating and depopula
ing the ground band and the first-excitedKp502 and 16

bands with the exception of the 520 keV 41 level ~bands
with low K); ~2! g rays from levels depopulating via th
Kp541 band with the 520 keV level as bandhead~bands
with intermediateK); ~3! g rays leading to the 179 keV 81

level ~bands with highK).
The properties of the bands with lowK are summarized in

Table II. Theg-ray intensities listed in the table were d
rived, when possible, from theg-ray spectra in coincidenc
with g rays populating a given level. For those levels,
which we do not observe populatingg rays, intensity esti-
mates were obtained from the coincidences withg rays de-
populating the level populated by theg ray under consider-

FIG. 4. Gamma-ray spectra in coincidence withg rays populat-
ing the 423 keV 12 level ~gates on 230.1, 284.7, and 453.3 ke
g-rays!, the 478 keV 22 level ~gates on 310.3 and 398.8 ke
g-rays! and the 544 keV 32 level ~gates on 177.7 and 265.2 ke
g-rays!. In each spectrum theg rays depopulating the populate
level are marked by their energies.
01430
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ation. This requires a knowledge of relative depopulat
intensities that can have large uncertainties, and there
theseg-ray intensities are listed in Table II in parenthes
and should be considered as indicative values.

Most of the levels listed in Table II are only identified i
the gg coincidences by depopulatingg rays. It is clear that
we do not observe the transitions to the lowest two memb
of the ground band for all those levels that are only pop
lated byg rays too weak to be observed with thegg coin-
cidence setup used in the present experiment. Conseque
we miss the levels that are only populated and depopula
by suchg rays. This might be a reason for our failure
identify the higher-lyingKp502 bands predicted by theor
~see Table VIII!.

The bands with intermediate and highK are listed in
Tables III and IV, respectively. Levels for which only on
deexcitingg ray is observed in thegg coincidences are only
included in the tables if the coincidences are observed
both the (p,n) and (d,2n) reactions~except for a fewg rays
known from the previous work as indicated in the tables!.

We note here that we observe, in three cases, levels
the same energy in the differentK regions: ~1! A level at
809.3 keV listed in Tables II and III;~2! a level at 892.6 keV

FIG. 5. Gamma-ray spectra in coincidence withg rays populat-
ing and depopulating the two first members of theKp511 band in
180Ta at 320 and 371 keV. The spectra shown were created
gates on the peaks marked in the figure by theirg-ray energies.
9-4
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LOW-K TWO-QUASIPARTICLE STATES IN180Ta PHYSICAL REVIEW C 65 014309
listed in Tables II and IV, which might also appear in Tab
III ~892.9 keV level!; ~3! a level at 907.3 keV listed in Table
II and IV. The latter two levels are particularly interestin
since they could provide a link between the 11 ground state
and the 92 isomer. However, we should emphasize that
energies of the levels listed in Table IV have an error
61 keV and therefore the identification of these levels w
those of Tables II and III is uncertain.

The configuration assignments given in Tables II–IV w
be discussed in detail in Sec. III. The listing of the inten
ties, with separate normalization for each level, emphas
the physics of the decay, but conceals the strength of po
lation of the various bands observed in the (p,n) reaction,
which is important for a judgment of the reliability of th
proposed assignments. We, therefore, show in Fig.
singlesg-ray spectrum in the region of the strongg rays
resulting from the decay of the first-excitedKp511, 21,
and 12 bands to the ground and first-excitedKp502 band.
Apart from the 239 and 511 keV lines, all reasonably stro
lines belong to180Ta. The 239 keV peak results predom
nantly from the decay of the 238.6 keV level in179Ta, which
collects almost the total intensity of the (p,2n) reaction.

The spectrum shown in Fig. 7 was used for the norm
ization of the intensities ofg-rays in 180Ta populating the

FIG. 6. Gamma-ray spectra in coincidence with the 409 keVg
ray depopulating a 41 level at 520 keV, observed in the (p,n) and
(d,2n) reactions.
01430
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ground and 02 bands and for the determination ofK conver-
sion coefficients described in Sec. II C.

Table V contains a list ofg-ray intensities for the band
that are most strongly populated in the180Hf( p,n)180Ta re-
action. For each level the transition is listed for which t
intensity was normalized to 100 in Tables II–IV.

C. Conversion-electron experiments

Conversion electrons were recorded with an iron-free
ange spectrometer at the Bonn cyclotron. Singles elec
spectra are measured with this spectrometer by stepping
current over the region of interest. The pulse height from
electron detector~NE102 plastic scintillator viewed with a
photomultiplier!, and the time relative to the beam pulse a
recorded on magnetic tape and analyzed off-line. For
measurement of e2g coincidences, four Compton
suppressed Ge detectors are placed behind the target opp
to the spectrometer. Gamma-ray spectra are measured i
incidence with electrons of a given energy by selecting th
electrons at a fixed spectrometer current. The targets use
these measurements were'400 mg/cm2 thick layers of
HfO2 enriched to 98.3% in180Hf on '30 mg/cm2 carbon
foils.

A singles electron spectrum is shown in Fig. 8. The sp
trum shown in the lower part displays electrons that are
layed by more than'3 ns with respect to the pulsed bea
of the cyclotron. The steep rise of the total spectrum at l
electron energies results fromd electrons. The strong 239
keV lines in the delayed spectrum result predominantly fr
the 239 keV isomer in179Ta. Table VI contains a list ofK
conversion coefficients for the strong peaks of Fig. 8, wh

FIG. 7. Singlesg-ray spectrum following the reaction of 9.
MeV protons with180Hf measured with a LEPS detector placed
55° to the beam direction.
9-5
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TABLE II. Transitions for levels in180Ta with low K observed in
the 180Hf( p,n) and 180Hf(d,2n) reactions.

Initial levela Final level Transitionb

Eexc ~keV! I p,K Eexc ~keV! I p,K Eg ~keV! I g ~rel.!

0.0f 11,1
39.5f 21,1 0.0 11,1 39.5

107.7g 02,0 0.0 11,1 107.7
110.7f 31,1 39.5 21,1 71.2
130.3g 12,0 107.7 02,0 22.7c

171.0g 22,0 130.3 12,0 40.6
184.8f 41,1 110.7 31,1 74.1 100

39.5 21,1 145.3 '8
234.1g 32,0 171.0 22,0 63.2
310.8f 51,1 110.7 31,1 200.2 '13

184.8 41,1 126.0 100
318.0g 42,0 234.1 32,0 83.9
320.2h 11,1 0.0 11,1 320.2 100

39.5 21,1 280.7 66
370.8h 21,1 0.0 11,1 370.8 100

39.5 21,1 331.3 45
110.7 31,1 260.1 59

416.2f 61,1 184.8 41,1 231.4 36
310.8 51,1 105.4 100

419.6g 52,0 318.0 42,0 101.6
423.3i 12,1 0.0 11,1 423.5 9

39.5 21,1 383.8 18
107.7 02,0 315.6 100
130.3 12,0 293.0 3
171.0 22,0 252.4 37

447.9h 31,1 39.5 21,1 408.4 100
110.7 31,1 337.2 25
184.8 41,1 262.8 32

477.9i 22,1 0.0 11,1 478.2 126
39.5 21,1 438.7 93

110.7 31,1 367.4 <15
130.3 12,0 347.5 100
171.0 22,0 307.2 27
234.1 32,0 243.7 88

544.0i 32,1 39.5 21,1 504.6 '3
110.7 31,1 433.4 <3
171.0 22,0 373.1 100
184.8 41,1 359.2 '2
234.1 32,0 309.7 5
318.0 42,0 226.0 13
423.3 12,1 120.8 '2

547.5g 62,0 419.6 52,0 127.8
547.8h 41,1 110.7 31,1 437.2 100

184.8 41,1 363.0 <10
310.8 51,1 237.0 21

549.1j 32,3 171.0 22,0 378.2 100
477.9 22,1 71.3c

559.4k 21,2 0.0 11,1 559.6 23
39.5 21,1 519.9 100

110.7 31,1 448.7 53
130.3 12,0 429.3 <15
01430
TABLE II. ~Continued.!

Initial levela Final level Transitionb

Eexc ~keV! I p,K Eexc ~keV! I p,K Eg ~keV! I g ~rel.!

320.2 11,1 239.2 13
370.8 21,1 188.8 2

600.3f 71,1 310.8 51,1 289.6 29
416.2 61,1 184.0 100

624.1k 31,2 0.0 11,1 624.3 100
320.2 11,1 303.9 63
370.8 21,1 253.3 78
447.9 31,1 176.2 22
559.4 21,2 64.7c

645.4j @42,3# 234.1 32,0 411.3 ~100!
544.0 32,1 101.4 ~100!

653.4l 12,1 0.0 11,1 653.4d

320.2 11,1 333.2 ~51!

370.8 21,1 282.6 ~27!

423.3 12,1 230.1 ~100!
477.9 22,1 175.5 ~28!

658.3i @42,1# 544.0 32,1 114.3
663.6m @42,4# 234.1 32,0 429.4 ~'70!

549.1 32,3 114.5 ~100!
676.3h 51,1 184.8 41,1 491.4

547.8 41,1 128.5
685.7g 72,0 547.5 62,0 138.2
708.0l 22,1 0.0 11,1 708.0d

320.2 11,1 387.9 ~60!

370.8 21,1 337.2 ~15!

423.3 12,1 284.7 ~100!
447.9 31,1 260.4 ~32!

549.1 32,3 158.7 ~'6!

708.5k @41,2# 559.4 21,2 149.1e

721.7n 42,4 544.0 32,1 177.7 ~100!
549.1 32,3 172.6 ~'20!

731.0 171.0 22,0 560.1 ~100!
318.0 42,0 412.9 ~55!

735.3f 81,1 416.2 61,1 319.1 ~100!
600.3 71,1 135.0 ~76!

784.1m @52,4# 234.1 32,0 550.1 ~100!
318.0 42,0 466.0 ~53!

787.8l @32,1# 370.8 21,1 417.0
788.2o 32,3 477.9 22,1 310.3
809.3p @52,5# 544.0 32,1 265.2 ~100!

658.3 @42,1# 151.0 ~100!
857.0g 82,0 685.7 72,0 171.3
876.7q @22,2# 171.0 22,0 705.5

320.2 11,1 556.7 ~16!

423.3 12,1 453.3 ~100!
477.9 22,1 398.8 ~13!

880.7 423.3 12,1 456.9 ~70!

559.4 21,2 321.4 ~58!

624.1 31,2 256.6 ~100!
892.6 721.7 42,4 170.9
907.3o 42,3 721.7 42,4 185.6 ~100!
9-6
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are not contaminated by doubly assigned transitions.
transitions listed in the table have predominantlyM1 multi-
polarity.

The various weak peaks in the electron spectrum can
sult, in general, from a superposition of conversion electr
from different atomic shells. Their composition can, in pri
ciple, be identified by measuring the coincidentg-ray spectra
for a comparison with the correspondinggg coincidence
spectra. Unfortunately, most of the electron peaks that ca
be assigned from the singles measurement were too wea

TABLE II. ~Continued.!

Initial level a Final level Transitionb

Eexc ~keV! I p,K Eexc ~keV! I p,K Eg ~keV! I g ~rel.!

788.2 32,3 119.3 ~27!

915.8 320.2 11,1 595.6 ~100!
370.8 21,1 545.2 ~22!

423.3 12,1 492.4 ~42!

935.1 0.0 11,1 934.9d

320.2 11,1 614.8 ~70!

477.9 22,1 457.0 ~100!
951.5 320.2 11,1 631.3 ~95!

370.8 21,1 580.7 ~100!
423.3 12,1 528.0 ~89!

977.2f 91,1 735.3 81,1 241.9
996.5 370.8 21,1 625.7 ~100!

447.9 31,1 548.6 ~61!

1030.5g 92,0 857.0 82,0 173.5
1037.1 320.2 11,1 716.8 ~100!

370.8 21,1 666.2 ~84!

1113.1 370.8 21,1 742.3 ~63!

447.9 31,1 665.2 ~100!
1241.4g 102,0 1030.5 92,0 210.9
1447.3g 112,0 1241.4 102,0 205.9

aFor tentative spin-parity and configuration assignmentsI p,K is
given in squared brackets.
bEstimated accuracy60.1 keV for the energies and620% for the
intensities. Intensities given in parentheses are only indicative
ues.
cGamma ray not observed.
dGamma ray only observed in the singles spectrum. Its placeme
the level scheme is not confirmed bygg coincidences.
eOnly observed in the (d,2n) reaction.
f$n9/21@624#2p7/21@404#%Kp511 band.
g$p9/22@514#2n9/21@624#%Kp502 band.
h$p9/22@514#2n7/22@514#%Kp511 band.
i$p7/21@404#2n5/22@512#%Kp512 band.
j$p7/21@404#2n1/22@510#%Kp532 band.
k$n9/21@624#2p5/21@402#%Kp521 band.
l$n7/22@514#2p5/21@402#%Kp512 band.
m$p7/21@404#1n1/22@510#%Kp542.
n$p7/21@404#1n1/22@521#%Kp542 band.
o$p7/21@404#2n1/22@521#%Kp532 band.
p$p7/21@404#1n3/22@512#%Kp552.
q$p7/21@404#2n3/22@512#%Kp522.
01430
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allow an unambiguous assignment from thee2g coincidence
measurements due to lack of counting statistics. Helpful c
clusions could only be obtained from two measurements

~1! A measurement with 102 keV electrons correspond
to theL1 conversion electrons of 114 keV transitions in ta
talum performed following the (p,n) reaction. We assign
two transitions with energies of 114.3 keV (658 ke

TABLE III. Transitions for levels in180Ta with intermediateK
observed in the180Hf( p,n) and 180Hf(d,2n) reactions.

Initial level a Final level Transitionb

Eexc ~keV! I p,K Eexc ~keV! I p,K Eg ~keV! I g ~rel.!

519.8f 41,4 39.5 21,1 480.3 '1.5
110.7 31,1 409.1 100
184.8 41,1 335.2 16
310.8 51,1 209.1 16
448.0 31,1 71.8c

592.0d @56, 5# 519.8 41,4 72.2d

641.3f 51,4 519.8 41,4 121.4
671.9 519.8 41,4 152.0
729.4 519.8 41,4 209.6 100

641.3 51,4 88.1 '1
732.8d @66, 5# 592.0 @56, 5# 140.8
738.4 519.8 41,4 218.6 100

641.3 51,4 96.9 20
787.0f 61,4 519.8 41,4 267.2 10

641.3 51,4 145.7 100
792.4 671.9 120.5
809.3g @52, 5# 519.8 41,4 289.4
863.6 519.8 41,4 343.8
883.9 641.3 51,4 242.6 100

729.4 154.5
892.9 738.4 154.5
894.4d @76, 5# 732.8 @66, 5# 161.6
938.7 792.4 146.3
956.4f 71,4 787.0 61,4 169.4
991.4 519.8 41,4 471.5 51

641.3 51,4 350.2 100
1042.9 519.8 41,4 523.1
1076.9d @86, 5# 894.4 @76, 5# 182.4e 100

732.8 @66, 5# 344.2e 83
1100.5 641.3 51,4 459.2
1149.5f 81,4 787.0 61,4 362.3e 100

956.4 71,4 193.2e 53
1204.9 519.8 41,4 685.2 100

863.6 341.2 '60

aFor tentative spin-parity and configuration assignmentsI p,K is
given in squared brackets.
bEstimated accuracy60.1 keV for the energies and620% for the
intensities.
cSee discussion in Sec. III C.
dEnergy proposed by Dracouliset al. @4,6#. See discussion in Sec
III C.
eOnly observed in the (d,2n) reaction.
f$p9/22@514#2n1/22@521#%Kp541 band.
gTentative assignment:$p7/21@404#1n3/22@512#%Kp552.
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TABLE IV. Transitions for levels in180Ta with highK observed
in the 180Hf( p,n) and 180Hf(d,2n) reactions.

Initial level a Final level Transitionb

Eexc ~keV! I p,K Eexc ~keV! I p,K Eg ~keV! I g ~rel.!

78.0d 92,9
178.8e 81,8 78.0 92,9 100.8
281.0d 102,9 78.0 92,9 203.0c

357.9f 71,7 178.8 81,8 179.1
375.1e 91,8 178.8 81,8 196.4
464.4g 72,7 178.8 81,8 285.6
506.3d 112,9 281.0 102,9 225.3c

516.7h 81,8 178.8 81,8 338.0 100
357.9 71,7 158.9 12

575.7i 62,6 357.9 71,7 217.9 100
464.4 72,7 111.3 50

576.9f @81,7# 178.8 81,8 398.1 100
357.9 71,7 219.0 50

596.3e 101,8 375.1 91,8 221.2c

681.5g 82,7 464.4 72,7 217.2
685.5 357.9 71,7 327.6
724.4h 91,8 375.1 91,8 349.3 <10

516.7 81,8 207.7 100
753.6d 122,9 506.3 112,9 247.3c

757.6 575.7 62,6 181.9
764.5i 72,6 464.4 72,7 300.1 100

575.7 62,6 188.9 92
808.0f @91,7# 375.1 91,8 433.0c '70

576.9 @81,7# 231.2c 100
831.5 357.9 71,7 473.6 100

464.4 72,7 367.1 '5
575.7 62,6 255.8 81

837.0 575.7 62,6 261.3
842.2e 111,8 375.1 91,8 467.2c 100

596.3 101,8 245.6c 18
867.9 576.9 @81,7# 291.0c

892.6 575.7 62,6 316.9 100
357.9 71,7 534.9 8

907.3 757.6 149.6 '10
575.7 62,6 331.6 100

923.6g 92,7 681.5 82,7 242.1c

957.3h 101,8 724.4 91,8 232.8c 100
977.5i 82,6 464.4 72,7 512.9c

575.7 62,6 402.0c

681.5 82,7 295.8c

764.5 72,6 213.0c

1017.7 831.5 186.3

aThe spin-parity and configuration assignments are adopted f
Refs.@4–6# except for the 576.9 and 808.0 keV levels~see discus-
sion in Sec. III D 2!. All level energies have an error of61 keV
resulting from the uncertainty of the 92,9 level.
bEstimated accuracy60.1 keV for the energies and620% for the
intensities.
cOnly observed in the (d,2n) reaction.
d$p9/22@514#1n9/21@624#%Kp592 band.
e$p7/21@404#1n9/21@624#%Kp581 band.
f$p5/21@402#1n9/21@624#%Kp571 band.
g$p7/21@404#1n7/22@514#%Kp572 band.
h$p9/21@514#1n7/22@503#%Kp581 band.
i$p7/21@404#1n5/22@512#%Kp562 band.
01430
→544 keV levels! and 114.5 keV (664 keV→549 keV
levels! in the level scheme of180Ta that are in coincidence
with 373.1 and 378.2 keVg-rays, respectively. The intensit
ratios of these twog rays observed in thegg ande2g mea-
surements are identical, proving that the two 114 keV tr
sitions have the same—almost certainlyM1—multipolarity.
Furthermore, the 151 keVg-ray (809 keV→658 keV lev-
els! is in coincidence with delayed conversion electrons
dicating that the 809 keV level has a lifetime of seve
nanoseconds~see also the discussion at the end of this s
tion!.

~2! A measurement with 228 keV electrons correspond
to theL1 conversion electrons of 239 keV transitions in ta
talum performed following the (d,2n) reaction. In this mea-
surement, we observeg-rays in coincidence with electron
from the 238.6 keV transition in179Ta and the 239.2 keV
transition (559 keV→320 keV levels! in 180Ta. Unfortu-
nately, thegg and e2g measurements were performed

m

TABLE V. Selectedg-ray intensities for the rotational band
that are most strongly populated in the180Hf( p,n)180Ta reaction.

Band Initial level Transition
Kp Eexc ~keV! I p Eg ~keV! I g

a

11 320.2 11 320.2 50
370.8 21 370.8 39

12 423.3 12 315.6 100
477.9 22 347.5 11
544.0 32 373.1 41

21 559.4 21 519.9 56
624.1 31 624.2 12

32 549.1 32 378.2 14
41 519.8 41 409.1 98
71 357.9 71 179.1 25
72 464.3 72 285.6 23

aEstimated accuracy620%.

FIG. 8. Singles electron spectrum fromEe2'120 keV to
'360 keV measured following the180Hf( p,n) reaction at a proton
bombarding energy of 9.1 MeV. The momentum resolutionDp/p is
approximately 0.7% corresponding to an energy resolution
'1.5 keV at 120 keV and'4.0 keV at 360 keV.
9-8
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LOW-K TWO-QUASIPARTICLE STATES IN180Ta PHYSICAL REVIEW C 65 014309
different deuteron bombarding energies, thus preventin
quantitative analysis, butE1 multipolarity can be excluded
for the 239.2 keV transition.

We have also performede2g coincidence measuremen
for some low-energy transitions for which the measurem
of gg coincidences is difficult because of their large intern
conversion. As an example, we show in Fig. 9 theg-ray
spectrum measured in coincidence with 59.6 keV electr
corresponding toK, L1, or M1 conversion electrons of 127.0
71.3, or 62.3 keV transitions in tantalum nuclei, respective
measured in the (d,2n) reaction. At 60 keV, the conversion
electron spectrum is completely masked byd electrons and
therefore the spectrometer current for this measurement
calculated from the calibration derived from electron pea
with E>83 keV. The data were analyzed for electrons em
ted without time delay with respect to the cyclotron bea
~denoted prompt in Fig. 9! and with time delays of more tha
'3 ns ~denoted delayed in Fig. 9!.

Several interesting conclusions can be drawn from
measurement:

~1! The electron gate contains theL1 conversion electrons
of four transitions proposed in the level scheme of180Ta.

~i! The established 71.2 keV intraband (31,1)→(21,1)
transition (111 keV→40 keV levels!.

~ii ! The 71.3 keV (32,3)→(22,1) transition (549 keV
→478 keV levels! proposed in the present work. The exi
tence of this transition is based on the observation of the 2
316, and 348 keVg rays ~see Fig. 4! and the intensities o
these three lines suggestM1 multipolarity for the 71.3 keV
transition.

~iii ! A 71.8 keV transition from the 520 keV 41,4 isomer
to the 448.0 keV 31,1 level. This transition is proposed be
cause of the observation of the 263 keVg ray in the delayed
e2g spectrum. Its existence is supported by the observa
of the g rays depopulating the 448 keV level in thegg
spectrum with the 121.4 keVg ray populating the 520 keV
level as gate transition.

~iv! A 72.2 keV transition from a level at 592 keV wit
tentative spin-parity of 51 to the 520 keV 41 level proposed
by Dracouliset al. @4,6#. The energies of theL1 andL2 con-

TABLE VI. Comparison of experimental and theoreticalK con-
version coefficients for transitions in180Ta.

Eg K conversion coefficient
~keV! Exp.a E1 E2 M1

209.1 0.34 0.045 0.149 0.469
252.4 0.29 0.028 0.091 0.280
260.1 0.25 0.026 0.084 0.258
280.7 0.25 0.022 0.069 0.210
315.6 0.16 0.017 0.051 0.153
320.2 0.12 0.016 0.049 0.147
370.8b 0.08 0.011 0.033 0.099
373.1 0.09 0.011 0.033 0.098
409.1 0.10 0.009 0.026 0.077

aEstimated accuracy620%.
bCorrected for the 315.6 keVL1 conversion electrons.
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version electrons of a 72.2 keV transition are 0.9 and 1.4 k
higher than the nominal energy of 59.6 keV selected in
e2g coincidence measurement. The energy resolution a
keV, corresponding to the momentum resolution of 0.7%
0.8 keV, but at this low energy the electron peaks are
pected to be broadened due to scatterings in
'400 mg/cm2 thick target, which is confirmed by the dete
tion of the M conversion electrons of a 64.7 keV transitio
described below. We, therefore, conclude that we should
tect a large fraction of the 72.2 keVL1 or L2 conversion
electrons in the measurement under discussion. Draco
et al. conclude from an intensity balance argument that
72.2 keV transition must haveM1 or E2 multipolarity if it is
the transition connecting a level at 592 keV, with the 1
keV g ray as its lowest rotational transition, and the 520 k
level. For such a transition the fraction of electron conv
sion is 11% for theL1 electrons of anM1 transition and 32%
for the L2 electrons of anE2 transition. Both the propose
592 keV level and the 520 keV level are isomeric@4# and we
would therefore expect the 141 keVg ray populating the 592
keV level to be enhanced in the delayede2g spectrum rela-
tive to the 121 and 146 keV intrabandg rays of the 520 keV

FIG. 9. Gamma-ray spectra measured in coincidence with 5
keV electrons following the reaction of 14.0 MeV deuterons w
180Hf. The two spectra shown correspond to coincidences with e
trons appearing without time delay with respect to the deute
beam and with a delay of more than'3 ns denoted as prompt an
delayed, respectively. The spectra were created with the approp
time windows on thee2-hf TAC without any additional background
subtraction.
9-9
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band as compared to thegg spectrum with the 409 keV gat
transition. From the delayede2g spectrum and thegg spec-
trum shown in Fig. 6 we obtain the ratios of countin
rates c(121):c(141):c(146)5100:(63611):(42613) and
100:(5963):(4166), respectively. Thus our data do n
support the assignment of the 72.2 keVM1 or E2 transition
proposed by Dracouliset al. @4#, although the accuracy of th
e2g data is too low to allow an unambiguous conclusion

~2! The electron gate contains a contribution from theM1

conversion electrons of the 64.7 keV (31,3)→(21,1) tran-
sition (624 keV→559 keV levels!. The existence of this
transition was first suggested by the observation of coin
dences of a 257 keVg ray populating the 624 keV level with
the g rays depopulating the 559 keV level. The observat
of the 239, 449, and 520 keVg rays in the prompte2g
spectrum confirms the existence of the 64.7 keV transit
and suggests itsM1 multipolarity.

~3! The remainingg ray peaks observed in the prom
e2g spectrum can be explained as resulting from theL1

conversion electrons of the 71.2 keV (31,1)→(21,1) tran-
sition and theK conversion electrons of the 127.8 ke
(62,0)→(52,0) transition except for the 215 keVg ray. In
particular, the rather strong 437 keVg ray observed in the
prompt e2g spectrum confirms its assignment as transit
from a level at 548 keV to the 111 keV (31,1) level. An
unambiguous assignment of the 548 keV level from thegg
coincidences alone would have been questionable sinc
would be based essentially only on the observed 237 ke
126 keV coincidences. The 215 keVg ray results presum
ably from the 41→21 transition in 180Hf, although we do
not understand its origin in thee2g coincidence spectrum.

The good timing of the electron detector allows the ide
tification of electrons that are delayed with respect to
cyclotron beam by more than'1 ns. Unfortunately, all lev-
els with nanosecond lifetimes not known from the previo
work @4,5# are weakly populated in the (p,n) and (d,2n)
reactions, and we could therefore only obtain some ro
information on lifetimes from two experiments@8,11#:

~1! In the g-ray spectra gated by the 373 K conversi
electrons the 151, 178, and 265 keVg rays are observed in
coincidence with delayed electrons. Assuming that these
lays are due to lifetimes of the 722 and 809 keV levels
populated by theseg rays we obtain a lifetime range of 1–
ns for the two levels.

~2! From the time spectra of the conversion electrons
the 111 and 218 keV transitions depopulating the 576 k
62,6 level, we obtain a lifetime of'10 ns for this level.

D. Levels of 180Ta observed in the181Ta„p,d…180Ta reaction

Levels in 180Ta populated in (p,d) and (d,t) neutron
transfer were studied previously by Wardeet al. @15# and
Dewberry and Naumann@16#, respectively. These author
measured angular distributions for spin determinations,
the conclusions drawn from these measurements were h
pered by the limited resolution ('15 keV) that prevented
the separation of several energy doublets. The aim of
present measurement was, therefore, to obtain a spec
01430
i-

n

n

n

it
–

-
e

s

h

e-
-

f
V

ut
m-

e
um

with high counting statistics and sufficient resolution to r
solve the expected doublets with separations below 10 k

The 181Ta(p,d)180Ta reaction was performed at the ta
dem accelerator of the LMU/TU Mu¨nchen. A target of
'120 mg/cm2 high-purity ~99.99%! natural tantalum on a
'10 mg/cm2 carbon backing was bombarded with 22 Me
protons. The deuterons were magnetically analyzed wit
Q3D spectrometer at a laboratory scattering angle of 4
The low-energy part of the spectrum up to approximately
MeV is shown in Fig. 10. In this energy region, a resoluti
of 4 keV ~full width at half maximum! was achieved, suffi-
cient to resolve levels with a separation of 5 keV~see, e.g.,
the levels number 13 and 14 in Fig. 10!.

The excitation energies of the levels populated in
181Ta(p,d)180Ta reaction were derived by an internal calibr
tion using the precisely known energies from the in-be
g-ray spectroscopy. The energy calibration was perform
with 21 levels from 0 to 788 keV that could be reproduc
with a quadratic calibration function with an average dev
tion of 60.5 keV. Among the calibration peaks were s
peaks involving the excitation energy of the 92 isomer,
which was used as an additional parameter in the calibra
fit. A fit using all six levels yields Eexc(9

2)578.7
60.5 keV whereas a value of 77.460.5 keV is obtained
from the separation of the (41,1) and (81,8) levels~levels
number 4 and 5 in Fig. 10!. We therefore adopt a result o
Eexc(9

2)578.061.0 keV, which is somewhat larger tha
the value 75.361.4 keV derived in the most recent comp
lation from mass differences@3#. Table VII contains a list of
the peaks that have a counting rate of 500 or more. We
lieve that these peaks correspond to levels in180Ta with the
protons occupying the 7/21@404# orbital.

E. Band structure in 180Ta

In this section we will graphically display the structure
the rotational bands listed in Tables II–IV. A detailed discu
sion of the adopted assignments will be given in the follo
ing sections.

The rotational bands associated with lowK are shown for
clarity in two separate figures. The first-excited bands w

FIG. 10. Deuteron spectrum measured in the (p,d) reaction at
40° with an incident proton energy of 22 MeV.
9-10
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TABLE VII. Nuclear levels in 180Ta populated in the
181Ta(p,d)180Ta reaction.

Peak I p,K Excitation Counts at Neutron
number energya Q lab540° transferred

1 11,1 0.0* 561 9/21@624#
2 21,1 39.8* 1009 9/21@624#
3 31,1 111.1* 1765 9/21@624#
4 81,8 178.9* 5305 9/21@624#
5 41,1 185.6* 3050 9/21@624#
6 51,1 310.8* 3345 9/21@624#
7 91,8 375.8* 5798 9/21@624#
8 61,1 416.5* 3364 9/21@624#
9 12,1 423.2* 3726 5/22@512#
10 425.8 608
11 72,7 465.2* 4879 7/22@514#
12 22,1 477.4* 11073 5/22@512#
13 32,1 544.0* 11041 5/22@512#
14 32,31 548.4* 12556 1/22@510#
15 572.2 743
16 62,6 576.8* 25142 5/22@512#
17 101,8 596.6* 3637 9/21@624#
18 71,1 600.3* 1687 9/21@624#
19 @42,31# b 646.3 2024 1/22@510# b

20 654.1 611
21 @42,1# b 658.4* 15725 5/22@512# b

22 @42,41# b 663.3* 12943 1/22@510# b

23 680.5 1221
24 82,7 682.7* 3219 7/22@514#
25 717.3 2426
26 42,42 722.3* 65900 1/22@521#
27 733.4 2262
28 758.1 3378
29 72,6 763.6 18007 5/22@512#
30 @52,41# b 784.0 12731 1/22@510# b

31 32,32 788.0* 41177 1/22@521#
32 @52,5# b 808.5 2632 3/22@512# b

33 52,42 836.4 8794 1/22@521#
34 @22,2# b 876.5 626 3/22@512# b

35 884.5 528
36 891.3 1121
37 895.0 1471
38 42,32 907.7 5419 1/22@521#
39 914.5 3695
40 952.6 2126
41 973.0 1296
42 82,6 977.3 1351 5/22@512#
43 986.2 1607
44 1003.7 2817
45 1062.6 4177
46 1075.9 710
47 1080.0 1344

aThe levels used for the energy calibration are marked by
asterisk.
bTentative assignment.
01430
K<1 are shown in Fig. 11. The ground and 02 bands, which
are displayed in this figure up to the levels with spin 8, a
known from previous work up toI p5161 and 132,
respectively.

The higher-lying rotational bands with lowK are shown
in Fig. 12. We note here that several levels are listed in Ta
II that are not assigned to rotational bands and are, there
not shown in the figure.

The levels depopulating via theKp541 band are shown
in Fig. 13. Levels not assigned to rotational bands are sho
in the right part of the figure. The 41 and (56) bands were
known from previous work@4–6#, all additional levels are
new.

The high-spin levels assigned to rotational bands
shown in Fig. 14. Eight additional levels with unknown a
signments are listed in Table IV from which three~758, 837,
and 868 keV levels! are new, all others known from th
previous work of Refs.@4–6#.

III. DISCUSSION

The low-lying energy spectrum of the deformed nucle
180Ta is expected to consist of rotational bands built on tw
quasiparticle levels resulting from the coupling of a neutr
and a proton outside an even-even178Hf core. The two va-
lence nucleons occupy Nilsson orbitals, and each set of
orbitals with Vp and Vn gives rise to a doublet of two
quasiparticle states withK65uVn6Vpu. Their relative loca-
tion is given by the Gallagher-Moszkowski rule stating th
the lower-lying level is the one for which the projections
the odd-particle spins are parallel@17#.

The two-quasiparticle states in180Ta below '1 MeV
calculated by Dracouliset al. @4# using a BCS formalism are
listed in Table VIII~to avoid negative excitation energies, w
have shifted the energies listed by Dracouliset al.by 6 keV!.
A similar calculation was performed by Saitohet al. @5# who
obtain almost perfect agreement between experimental
calculated two-quasiparticle energies. Unfortunately, th
authors list only results for the states, for which experimen
energies were known, and it is not clear to which extent
agreement was achieved by adjusting the model parame
to reproduce these experimental energies.

The experimental two-quasiparticle states established
the earlier investigations@4,5# and in the present work ar
also included in Table VIII. The adopted configuration a
signments will be discussed below~tentative assignments ar
indicated by listing the energies in parenthesis!. In the com-
parison of the experimental and calculated two-quasipart
energies one should note, however, that certain rotatio
corrections were neglected in the BCS calculation as
cussed by Dracouliset al. @4#. According to these author
this may have the effect that the energy of the state withK
5Vn1Vp is underestimated if the state withK5Vn2Vp is
correctly predicted.

The observed two-quasiparticle states in180Ta can be di-
vided up into three groups:~1! States with the proton occu
pying the 7/21@404# orbital ~first column of Table VIII!.
These levels are selectively populated in the neutron tran
from 181Ta. ~2! States with the neutron occupying th

n
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FIG. 11. First-excited rotational bands wit
K<1.
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9/21@624# orbital ~first row of Table VIII!, which are popu-
lated in the proton transfer from179Hf. ~3! All other states
that are not, or only very weakly, populated in the aforem
tioned transfer reactions. In the following we will discuss t
experimental evidence for the two-quasiparticle states
180Ta according to this grouping in three separate subs
tions. In this discussion we will frequently refer to calculat
values for thegK and gR factors determining the intraban
M1 transitions. For later use we summarize here the rele
relations.

The expression for the reducedM1 transition probabili-
ties within a rotational band~intraband transitions! has the
form @18#
01430
-

in
c-

nt

B~M1;I i ,K→I f ,K !5^I iK10uI fK&2^KuM~M1,n50!uK&2.
~1!

In the odd-odd case theM1-matrix elements can be writ
ten @19# as

^KuM~M1,n50!uK&5A 3

4p

e\

2Mc
GKK, ~2!

with
GKK5Vp~gVp

2gR!1Vn~gVn
2gR!, ~3!

where thegV are the single-particle gyromagnetic facto
and the signs ofVp andVn are taken as inK5Vp1Vn . It
is customary to introduce the two-quasiparticle gyromagn
e
FIG. 12. Rotational bands that decay to th
ground and first-excitedKp511 bands~shown
on the left of the figure! and the first-excitedKp

502 and 12 bands~shown on the right of the
figure!.
9-12
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factor gK5(VpgVp
1VngVn

)/(Vp1Vn) to write GKK

5(gK2gR)K for KÞ0, whereas forK50 one retainsG00

5Vp(gVp
2gVn

) @19#. Calculated values ofgV for the
single-particle orbitals occupied by the valence particles
180Ta are listed in Table 3 of Ref.@5# andgR50.26 is deter-
mined in Ref.@4#.

Additional corrections to the intrabandB(M1) values can
result from the rotation-alignment of the unpaired nucleo
These corrections are discussed in Ref.@5# and expressed in
terms of a spin dependence of thegK factors within a rota-
tional band. We will neglect these corrections in the es
mates in connection with band mixings discussed below.

In the previous work on180Ta extensive use has bee
made of thegK factors for the determination of configuratio
assignments@4–6#. Experimental values forgK were ob-
tained from B(M1)/B(E2) ratios derived from theg-ray
intensity ratios of the intrabandDI 51 and DI 52 transi-
tions, which are in general competitive at intermediate sp
Unfortunately, we do not populate the newly identified ban
discussed in Sec. III C to sufficiently high spins to allow th
determination of suchB(M1)/B(E2) ratios. The configura-
tion assignments proposed for these bands will therefore
based primarily on the comparison of the bandhead ener
with the theoretical predictions summarized in Table VIII.

FIG. 13. Levels that depopulate via the 520 keVI p,K541,4
level.
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The information on band mixings derived for a few ban
from g-ray branchings will be presented in a final subse
tion.

A. The p7Õ2¿†404‡ÁnVp
†Nn3L‡ configurations

The configurationsp06n9/21@624#. ~In this subsection
we will denote the configurationp7/21@404# by p0.) These
two configurations withKp511 and 81—and their rota-
tional bands up toI p5161 and 181, respectively—were es
tablished in the earlier transfer and in-beamg-spectroscopic
work.

The configurationsp06n7/22@514#. In the earlier work,
as well as in our work, only the lowerKp572 band could be
identified~up to the 132 level in Refs.@4,5#!. An observation
of the higher-lyingKp502 band would be very difficult
both in the (p,ng) reaction and the transfer reaction becau
of its non-yrast character and its low transfer cross sec
@15#.

The configurationsp06n1/22@510#. In the in-beamg
experiments a 378.2 keVg ray is observed in coincidenc
with 107.7 and 114.5 keVg rays. We assign thisg ray as
transition from a level at 549.1 keV to the 171.0 keV 22

level, populated from a 663.6 keV level by the 114.5 keVg
ray. This assignment is supported by the observation o
71.3 keVM1 transition from the 549 keV level to the 47

FIG. 14. High-spin rotational bands populated in the180Hf( p,n)
and (d,2n) reactions.
9-13
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TABLE VIII. Two-quasiparticle states in180Ta up to'1 MeV. The single-particle energiesEp andEn

correspond to the average of179Ta and 181Ta and the average of179Hf and 181W, respectively. For each
two-quasiparticle state the following quantities are listed: First line:K65uVn6Vpu values, with the value
for the state with aligned proton and neutron intrinsic spins listed first. Second line: Calculated energie
corresponding two-quasiparticle states~all energies in keV!. Third line: Experimental band-head energie
The two-quasiparticle states that were observed in the present in-beamg-spectroscopic experiments, but n
in the earlier ones, are printed in bold.

nVp@Nn3L# pVp@Nn3L# p7/21@404# p9/22@514# p5/21@402# p1/21@411# p1/22@541#
En ~keV! Ep ~keV! 0 18 360 568 '650

n9/21@624# 11 81 92 02 71 21 41 51 42 52

0 6 136 0 149 324 532 555 695 678 750
0 179 78 108 358559

n7/22@514# 72 02 11 81 12 62 42 32 41 31

205 254 510 339 439 680 798 876 996 950 1100
464 320 653

n1/22@510# 32 42 51 41 32 22 02 12 01 11

416 485 587 470 614 837 947
549 664a ~592672! b

n5/22@512# 12 62 71 21 52 02 22 32 21 31

442 457 569 436 604 802 938
423 576

n1/22@521# 42 32 41 51 22 32 12 02 11 01

500 540 618 502 661 888 984
722 788 520

n3/22@512# 52 22 31 61 12 42 22 12 21 11

723 723 827 704 858
~809 877! a

n7/22@503# 02 72 81 11 62 12 32 42 31 41

766 772 896 734 948 636 830 849 1011
~517! c

aSee the discussion in Sec. III A.
bSee the discussion in Sec. III C.
cSee the discussion in Sec. III D 2.
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keV 22 level as described in Sec. II C. The 549 keV level
also strongly populated in the neutron transfer reaction
we therefore assign it as the 32 member of the doublet with
the neutron in the 1/22@510# orbital.

The 42 member of the 32 band is expected approx
mately 100 keV above the 32 bandhead. At about the sam
energy one expects theKp542 doublet member and the 42

rotational level of the first-excitedKp512 band with its 32

member at 544 keV. All three 42 levels are expected to b
populated in the neutron transfer, and we indeed obse
three levels at 646, 658, and 663 keV in this reaction~see
Table VII!. We associate these levels with those observe
the (p,ng) measurements at 645.4, 658.3, and 663.6 k
The first two levels decay by 101.4 and 114.3 keV tran
tions, respectively, to the 544.1 keV 32,1 level, and the
663.6 keV level decays by a 114.5 keV transition to t
549.1 keV 32,3 level. Although the 42 assignment for the
three levels is not experimentally established, some sup
comes from thee2g coincidence measurements that sho
that the two 114 keV transitions have the same—most lik
M1—multipolarity. We will now discuss tentative configu
ration assignments for the three levels assuming that
01430
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indeed constitute the 42 members of theKp512, 32, and
42 bands.

The decay pattern of theI p512, 22, and 32 members of
the Kp512 band strongly suggest that the 42 member de-
cays predominantly by anM1 transition to the 32 member,
leaving the 645 and 658 keV levels as candidates for
state. In the neutron transfer reactions, theKp512 band is
populated byl 53 transfer (5/22@512# neutron transferred!,
whereas theKp532 and 42 bands are populated byl 51
transfer (1/22@510# neutron transferred!. The angular distri-
butions observed in the previous neutron transfer exp
ments indicatel 53 transfer for the combined peak a
'660 keV @15,16#. We, therefore, assign the 658.3 ke
level as the 42 member of theKp512 band. We note here
that the observation of a doublet at 660 keV resolves
problem encountered earlier with the anomalously high
tensity of the 42,1 state discussed by Dewberry and Na
mann@16#.

The spin 4 members of thep06n1/22@510# doublet are
expected to be strongly coupled by the Coriolis interact
Hc . The matrix element ofHc has the form~see the discus-
sion of 166Ho in Ref. @18#!:
9-14
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^K54,I uHcuK53,I &5A0aA~ I 23!~ I 14!, ~4!

whereA0 is the rotational parameter of the two-quasiparti
doublet (A0'11 keV) anda is the decoupling parameter o
the rotational band associated with the configurat
n1/22@510#. Assuminga'0.2 ~see, e.g., Table XXVII of
Ref. @20#! one obtains a coupling strength of'6 keV for
the 42 levels, yielding from the experimental energy spl
ting of the 645 and 664 keV levels an unperturbed ene
splitting of '14 keV and wave functions ofc'0.95cmain
60.32cadmixed. As noted by Wardeet al. @15# the transfer
amplitudes for the population of the low-spin members of
p06n1/22@510# configurations are expected to be comp
rable, which would then yield an intensity ratio for the pop
lation of the two mixed 42 levels of '4, close to the ob-
served result.

A similar argument can be given for theM1 transitions.
The M1-matrix element of the (42,3)→(32,3) transition is
proportional to (gK532gR), with a calculated value of 0.76
For the (42,4)→(32,3) spin-flip transition theM1-matrix
element is proportional to (gK51/22gR)b, wheregK51/2 is
the intrinsicg factor andb the magnetic decoupling param
eter of the rotational band associated with the configura
n1/22@510#. Brockmeier et al. @21# report for the
n1/22@510# band in 183W a value of (gK51/22gR)b521.3.
Thus, again, the twoM1-matrix elements are comparabl
and one can, therefore, expect a suppression of theM1 tran-
sition from one of the mixed 42 levels to the 549 keV
(32,3) level as experimentally observed. The 645 keV le
decays to the 544 keV (32,1) level indicating that it contains
a component of theKp512 band. Such an admixture i
caused more likely by an effectiveDK52 coupling for the
Kp532 band, and we, therefore, assign the configurat
p02n1/22@510# to the 645 keV level.

We tentatively assign a level at 784 keV as the 52 mem-
ber of theKp542 band based on itsg decay and its popu
lation in the neutron-transfer reaction.

The configurationsp06n5/22@512#. The Kp512 band
with its bandhead at 423 keV has previously been propo
up to the 42 member at 658 keV@4–6#. Our conversion-
electron data confirm theM1 multipolarities of the 252, 316
and 373 keV transitions, and the discussion given above
ports the assignment of the 658 keV level as the 42 member
of this band. In addition, we observe a level at 809.3 k
which decays to the 32 and 42 members of theKp512

band as expected for the 52 member of this band. Howeve
its energy is'30 keV too high, and thee2g data indicate
that the 809 keV level has a nanosecond lifetime making
assignment as 52 member of the 12 band unlikely. A tenta-
tive assignment for this level will be given below.

The I p562 and 72 members of theKp562 band were
previously proposed by Dracouliset al. @4#. Our observation
of a nanosecond lifetime of the 576 keV 62 level supports its
interpretation as a two-quasiparticle bandhead.

Saitohet al. @5# extended theKp562 band up to the 92

member. The 82 level decays according to these authors
210.060.1 and 295.060.5 keV transitions to the 764.5 keV
(72,6) and 681.5 keV (82,7) levels, respectively, leading t
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inconsistent excitation energies. We observe a level at 97
keV with a depopulation as expected for the 82 member of
the Kp562 band. This assignment is supported by the o
servation of a 977.3 keV level in the neutron transfer expe
ment.

The configurationsp06n1/22@521#. In the earlier neu-
tron transfer experiments two strongly excited levels w
observed at'720 keV and'780 keV with angular distri-
butions characteristic ofl 51 transfer. As emphasized b
Wardeet al. @15# theoretical estimates suggest that these l
els result from pickup of a 1/22@521# neutron leading to
their interpretation as the (42,4) ~720 keV level! and (32,3)
~780 keV level! members of thep06n1/22@521# doublet. In
addition Wardeet al. propose the (52,4) and (42,3) rota-
tional members at 837 and 914 keV, respectively. Our n
tron transfer data are in agreement with these assignm
yielding the (42,4) and (52,4) states at about 722 and 83
keV, and the (32,3) and (42,3) states at about 788 and 90
keV. We note that Wardeet al. encountered a problem with
the intensity of the 908 keV level and mention that the c
responding peak observed in their measurement might c
tain another unresolved state. We observe indeed a doub
this energy that could not have been resolved in the ea
measurements.

In the (p,ng) experiment we observe levels at 721.
788.2, and 907.3 keV that we assign as (42,4), (32,3), and
(42,3) states, respectively. The interpretation of the 72
keV level as two-quasiparticle bandhead is supported by
nanosecond lifetime.

The g decay of the three levels listed in Table II is co
sistent with the proposed assignments, although the pred
nant decay of the (42,4) and (32,3) states to the member
of the Kp512 band is somewhat surprising. We believ
however, that this unexpected feature can likely be explai
by the Coriolis coupling which is, for example, expected
induce largeK52 and K53 components into the wav
function of the 32 and 42 level, respectively~see, e.g., Table
III in Ref. @15#!. Unfortunately, a quantitative analysis o
such effects is as yet not possible due to the lack of exp
mental information, in particular with respect to theKp

522 band with the configurationp02n3/22@512#.
As already noted above, we also observe a 907.3 k

level in the high-spin region~Table IV!. Its decay would not
be at variance with the assignment asI p542 level, but a
proof of the identity of the two 907 keV levels would requi
the observation ofgg coincidences with a common feedin
transition as gate, which could not be identified in the pres
work.

In Table II we list a level at 787.8 keV that is only sep
rated by 0.4 keV from the proposed (32,3) level. We will
return to this proposal in Sec. III B.

The configurationsp06n3/22@512#. We observe a leve
at 809 keV both in the in-beamg-spectroscopic work and th
(p,d) reaction, for which its nanosecond lifetime suggests
assignment as intrinsic state. We tentatively assign the
52 configurationp01n3/22@512# to this level, based on its
g decay and the predicted energy of this configuration~see
the first column of Table VIII!. One obvious candidate for it
9-15
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T. WENDEL et al. PHYSICAL REVIEW C 65 014309
22 doublet partner is the level observed at 877 keV
which we, therefore, very tentatively adopt thep0
2n3/22@512# configuration.

B. The n9Õ2¿†624‡ÁpVp
†Nn3L‡ configurations

The configurationsn06p9/22@514#. (n0 denotes the con
figuration n9/21@624#.! These two configurations withKp

502 and 92—and their rotational bands up toI p5132 and
212, respectively—were established in the earlier trans
and in-beamg-spectroscopic work.

The configurationsn06p5/21@402#. The 71 and 21

members of this doublet were proposed by Wardeet al. @15#
at 361 and 563 keV, respectively. These authors empha
that the two states are easily identified in the 5/21@402# pro-
ton transfer because of their high yield and the transfer
l 52. In the previous in-beamg-spectroscopic work, the 35
keV level was assigned as the 71 state although no clea
evidence was obtained on the associated rotational le
@4,5#. We will address this problem in Secs. III C and III D
below.

We observe levels at 559 and 624 keV with a decay p
tern consistent with their interpretation as the first two me
bers of aKp521 band. We note, in particular, two exper
mental results:~1! positive parity is established for the 55
keV level by the multipolarity of the 239 keV transition t
the 320 keV 11 level (M1 or E2); ~2! the 624 keV level
decays with significant intensity to the 559 keV level, whi
is not unexpected for the intrabandM1 transitions of the
Kp521 band that has a large (gK2gR)522.76. In view of
the agreement of the in-beam and transfer reaction res
we consider the assignment of these levels as the first
members of a band based on the configurationn0
2p5/21@402# as established. The 41 member of this band is
proposed at 708.5 keV, but this level is based on a sin
depopulatingg ray observed only in the (d,2n) reaction and
its existence is, therefore, not established beyond doubt.

C. Two-quasiparticle states with the proton and neutron
outside thep7Õ2¿†404‡ and n9Õ2¿†624‡ orbitals

A total of 14 more doublets are predicted in the BC
calculation below an excitation energy of'1 MeV ~Ref. @4#
and Table VIII!. Until now only four of these 28 states, an
their associated rotational bands, had been proposed
experiment. In this section, we will first summarize the e
dence for these four states, followed by a discussion of
new states proposed in the present work.

Two 81 states at 517 and 577 keV, and their rotation
bands up to the 171 and 131 members, respectively, wer
proposed by Dracouliset al. @4# and Saitohet al. @5#. These
authors assign the configurationsp9/22@514#1n7/22@503#
and p9/22@514#1n7/22@514# to bands with the 517 and
577 keV levels as bandheads, respectively, based on
analysis ofgK factors and aligned angular momenta. Tw
alternative assignments are discussed in Refs.@4,5#: ~1! in-
terchange of the twoKp581 configurations, and~2! inter-
pretation of one of the two bands as extension of aKp

571 band with the 358 keV 71 state as bandhead. The latt
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possibility was rejected by Dracouliset al. @4# primarily on
account of the fast decay of the two 81 states to the first-
excited 81 state at 179 keV in contrast to the delayed dec
of the 358 keV 71 state. Saitohet al. explain these 81

→81 transitions for their adoptedKp581 configurations by
requiring a mixing of the three 81 states. This raises th
question whether one of the 81 states could belong to th
358 keVKp571 band with the enhanced nature of the 81

→81 transition caused by aDK51 coupling of this band
with the 179 keVKp581 band. We will discuss this possi
bility in detail in Sec. III D 2 and propose that the level s
quence based on the 577 keV 81 state represents indeed th
extension of theKp571 band.

The 41 level at 520 keV, with its rotational band up to th
81 member, was observed in the earlier in-beam experime
@4,5#. The spin-parity assignment of this band is establish
by theM1 multipolarities of the 409 and 209 keV transition
from the 520 keV level to the 111 keV 31 and 311 keV 51

level, respectively, derived from theirK conversion coeffi-
cients~Ref. @6# and present work!.

The two-quasiparticle configuration proposed in Re
@5,6# for the 41 band is based on the experimental value
(gK2gR)'0.6. Dracouliset al. @4# mention that the angula
distribution coefficientsA2 obtained in their measuremen
favor positive signs of theE2/M1 mixing parameters
whereas Saitohet al. @5# assume the positive sign for (gK
2gR) without justifying this choice. The theoretical value
of (gK2gR) for the levels with spins 4 and 5 listed in Tab
VIII are given in Table IX. From the two configurations wit
Kp541 and large positive (gK2gR), the adopted configu-
rationp9/22@514#2n1/22@521# leads to better agreement
the correction togK resulting from the rotational alignment i
included@5,6#.

The fourth band known from the previous in-beam wo
is based on an isomer that decays with a half-life of 16 ns
the 520 keV 41 state, with six rotational members identifie
@4,5# ~we will denote this band below as isomeric band!.
Three features of this band can be used for a configura
assignment:~1! The population of the band, both in the re
actions with intermediate spin transfer reported in Refs.@4,5#
and in the (p,n) and (d,2n) reactions, and itsg decay
strongly suggest aK>4. ~2! Dracouliset al. propose a 72
keV M1 transition as a candidate for the decay of the isom
to the 520 keV level. However, as discussed in Sec. II C
conversion-electron data question this proposal. Never
less, it seems clear that the connecting transition must h
an energy of<80 keV, which excludes a pureE2 transition,
and thus aKp561 assignment to the isomeric band, sin
this would lead to aB(E2) of more than'20 Weisskopf
units. ~3! Dracouliset al. @4# and Saitohet al. @5# report an
experimental value of (gK2gR)'0.4 for the isomeric band
Both groups choose the positive sign presumably based
their measured angular distribution coefficients. As is app
ent from Table IX, none of the unassigned states withK
54 would be consistent with this value of (gK2gR).

It seems now reasonable to assume that the isomeric b
hasK55 and a bandhead energy between 520 and 600
Unfortunately, none of the possibleKp556 configurations
9-16
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LOW-K TWO-QUASIPARTICLE STATES IN180Ta PHYSICAL REVIEW C 65 014309
can explain the properties of this band@its alignment, its lack
of signature splitting, and its (gK2gR)# convincingly as dis-
cussed in Refs.@4–6#. We, therefore, conclude that a reliab
experimental determination of the parity of the isome
band would be a prerequisite for a reasonably safe confi
ration assignment.

The lowest rotational band not known from the previo
work is theKp511 band based on the 320 keV state, ide
tified in the present work up to its 51 member.Kp511 is
established from theM1 multipolarities of the transitions
from the first two members of the band~320 and 371 keV
levels! to the ground band. The assignment of the configu
tion p9/22@514#2n7/22@514# to this band is almost inevi
table in view of the theoretical predictions listed in Tab
VIII.

The g decay of the 11 band byM1 transitions to the
ground band, and not by intrabandM1 transitions orE1
transitions to the first-excited 02 band, is somewhat unex
pected. The intrabandM1 transitions are expected to be fa
because of the large (gK2gR)54.6. On the other hand, th
M1 transitions to the ground band would be strictly forb
den for the adopted configurations since the electromagn
moments are one-particle moments. However, theE1 transi-
tions to the 02 band are also expected to be retarded si
the 7/22@514#→9/21@624# transition involves a spin flip and
is, therefore, forbidden by the asymptotic selection rules
E1 transitions in deformed nuclei~see Table 5–3 of Ref
@18#!, and the intrabandM1 transitions are hindered by the
low energies. Most likely the observedM1 transitions can be
explained by a mutual mixing of the two 11 bands as dis-
cussed in Sec. III D 1.

With the assignments discussed so far, all levels listed
Table II up to the 722 keV level are explained except for t
levels at 653.4 and 707.9 keV. The spacing of these le

TABLE IX. Theoretical values of (gK2gR) for the two-
quasiparticle states in180Ta with K54 and 5 predicted below 1
MeV.

Kp Configuration Ecalc ~keV! gK2gR

41 p9/22@514#n1/22@521#a 502 1.08
p1/21@411#n9/21@624# 555 20.41
p9/22@514#n1/22@510# 614 1.41
p1/22@541#n7/22@514# 950 0.07

51 p9/22@514#n1/22@510# 470 0.73
p9/22@514#n1/22@521# 661 0.99
p1/21@411#n9/21@624# 695 20.57

42 p7/21@404#n1/22@521#b 540 0.40
p7/21@404#n1/22@510#c 587 0.08
p1/22@541#n9/21@624# 678 20.63
p1/21@411#n7/22@514# 876 20.15

52 p7/21@404#n3/22@512# 723 0.35
p1/22@541#n9/21@624# 750 20.40
p5/21@402#n5/22@512# 802 0.34

aAssigned to the 520 keV state.
bAssigned to the 722 keV state.
cAssigned to the 664 keV state.
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and theirg decay suggest that they constitute the lowest t
members of a rotational band withK51. The theoretical
predictions leave only one reasonable possibility, theKp

512 band with the configuration n7/22@514#
2p5/21@402#. With this assignment one has to make use
similar considerations as in the previous case to explain
observedg transitions to the 320 keV 11 band and the 423
keV 12 band:~1! The main component of theE1 transitions
to the 11 band (5/21@402#→9/22@514#) vanishes and thes
transitions must, therefore, proceed via admixtures~e.g., the
$n7/22@514#2p7/21@404#%Kp502 band!. ~2! The M1
transitions to the 12 band are forbidden because of the
two-particle nature, but can be explained by a mutual mix
of the two 12 bands. It is, therefore, not implausible that th
E1 andM1 transitions become comparable.

The 32 member of this second-excited 12 band is ex-
pected at'790 keV, very close to the level assigned abo
as (32,3) state. We, therefore, tentatively propose levels
787.8 and 788.2 keV~see Table II!, although the energy
splitting is too small to establish the existence of two leve
We note, however, that the observedg decay to theI 52
members of the first-excited 11 and 12 bands would be mos
consistent with the two-level hypothesis.

Two more bands are proposed in Fig. 13 with bandhe
at 672 and 738 keV. These assignments are only based o
observed decay of the higher-lying 792, 893, and 939 k
levels to the lower-lying ones of the proposed bands that
most easily explained as intrabandM1 transitions, yielding
tentative assignments ofK54 and 5 for the 672 and 738 keV
bands, respectively. These assignments are consistent
the intensities of the 152 and 218 keVg rays depopulating
the 672 and 738 keV levels, respectively, observed in
(p,n) and (d,2n) reactions~see Fig. 6!.

A configuration assignment for the 672 keV level is
present purely speculative. We have included this band
well as the isomericK55 band discussed above, in Tab
VIII as members of thep9/22@514#6n1/22@510# doublet,
based solely on the assignment proposed for theK55 band
by Dracouliset al. @6#. The assignment of the 893 keV leve
as first-excited member of a band withK55 would be con-
sistent with itsg-ray branching to the 62,6 level at 576 keV
~see Table IV! whereas a branching to the 42,4 level at 722
keV ~see Table II! would be more easily understandable wi
an I ,K55,4 assignment. Some of the 41 and 51 levels pre-
dicted at these energies are expected to couple strongl
the Coriolis interaction, possibly leading to aKp541 band
with a large Kp551 admixture and increased rotation
spacings. We therefore consider, as already indicated ab
the 893 keV level as a possible candidate for a level conn
ing the 11 ground state and the 92 isomer of 180Ta.

D. Gamma-ray branching ratios

In this section we discuss the electromagnetic decay
some selected rotational bands in180Ta in the context of
band couplings. The interbandg-ray transitions are sensitiv
to band mixings, in particular if the intrinsic transitions a
hindered by selection rules, which is the case for almost
transitions between the low-lying two-quasiparticle states
9-17



e
in

st-

ta

a

u

e
re
e

i-
th
tio

d
d

e
ix

fe
a
bl
u

ua

a
n

su

y

of
son
s-

ter-

de-
ec-

als
ult

ac-

ig-

ure
also
ith

m

the
be

T. WENDEL et al. PHYSICAL REVIEW C 65 014309
180Ta. Theg-ray branchings provide in a few cases som
insight into the band couplings as discussed in the follow
sections.

1. First excited KpÄ1¿ and 1À bands

The relative intensities of the transitions from the fir
excited 11 and 12 bands to the ground and first-excited 02

band, respectively, are listed in Table X. The experimen
g-ray intensities of theI→(I 21) intrabandM1 transitions
were obtained from the intensities of theg rays depopulating
the levels with spinI and I 21 in the coincidence spectr
with gates ong rays populating the levels with spinI. The
intensities given in the last column of Table X were calc
lated assumingM1 multipolarity for all transitions and pure
K values for the levels involved~leading-order intensities!.

The most significant feature of theM1 transitions from
the first-excitedKp511 band is the predominance of th
interband transitions to the ground band for which, mo
over, the branching ratios follow closely the leading-ord
predictions. The interbandM1-matrix element can be est
mated from the interband to intraband intensity ratio of
21→11 M1 transitions. For later use we introduce the ra

R~ I !5
B~M1;I ,K2→~ I 21!,K1!

B~M1;I ,K2→~ I 21!,K2!
,

whereK1 andK2 are theK quantum numbers of the groun
and excited band, respectively. From the intensities liste
Table X one obtainsR(21)50.1560.04 and withgK2

54.9

for the configurationp9/22@514#2n7/22@514# assigned to
the excited band

B~M1;21,K251→11,K151!'0.22S e\

2McD 2

.

As discussed in Sec. III C theM1 transitions between th
two 11 bands are forbidden. They must result from adm
tures of configurations withKp501 or 11 and with parities
opposite to those of the main configurations, which dif
from the main configurations of the doublet partner for
most one of the two valence particles. An inspection of Ta
VIII shows that there is only one possibility, the mutual co
pling of the two 11 bands. In this case one obtains

R~21!'S gK2
2gK1

gK2
2gR

D 2

a2,

wherea is the amplitude of admixture assumed to be eq
for the 11 and 21 levels. WithgK1

523.3 andgK2
54.9 one

obtains from the experimentalR(21) an amplitude of ad-
mixture of a'0.2 and an interaction strength of^21,K2
51uHintu21,K151&'60 keV.

We mention here two additional results:~1! In the
neutron-transfer reaction described in Sec. II D we obtain
upper limit of 30 counts for the 320 keV level consiste
with an interaction-matrix element for the 11 levels of up to
75 keV.~2! The two 11 bands were also observed in176Lu at
194 and 339 keV and mixing between these bands was
01430
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gested by Balodiset al. @22# to account for the unexpectedl
strong interbandM1 transitions. From theg-ray intensities
listed in Ref.@23# one can estimateR(41)>0.5 correspond-
ing to an interaction-matrix element of>50 keV for the 41

level.
To trace the origin of the coupling of the two 11 states,

one has to consider the model used for the description
deformed odd-odd nuclei discussed, for example, by Bois
et al. @24#. In this model the two valence nucleons are a
sumed to strongly couple to the deformed core and to in
act with each other through an effective interactionVnp .
Rotational bands withDK50 are coupled byVnp and an
additional term representing the coupling of the particle
grees of freedom through the rotational motion. The sel
tion rules for the latter term are violated by the twoKp

511 bands, for which the valence particles are in orbit
with different parities, and thus their coupling must res
from the residual interactionVnp . This coupling does not
affect the branching ratios of the interband transitions in
cordance with the experimental observations.

Theg-ray intensities for theKp512→02 interband tran-
sitions deviate from the leading-order results. The most s
nificant features are the strong reduction of theI→I transi-
tions for the odd spins, and the apparent signat
dependence of the deviations. This latter dependence is
apparent for the interband-to-intraband intensity ratios w
values ofR(I )51.4(3)31023 and 11(2)31023 for the 22

and 32 levels, respectively.

TABLE X. Gamma-ray branching ratios for the transitions fro
the first-excitedKp511 and 12 bands of180Ta.

Band Transitions
Kp Ebh ~keV! (I pK) i (I pK) f Eg ~keV! I g ~exp.! I g ~calc.!

11 320 111 111 320.2 100 100.0
211 280.7 66~4! 67.4

211 111 370.8 100 100.0
211 331.3 45~3! 39.6
311 260.1 59~4! 61.4
111 50.6 1.7~4!

311 211 408.5 100 100.0
311 337.2 25~3! 12.3
411 262.8 32~3! 37.4

12 423 121 020 315.6 100 100.0
120 293.0 2.9~5! a 120.0
220 252.4 37~3! 25.6

221 120 347.5 100 100.0
220 306.9 27~6! a 114.6
320 243.7 88~8! 23.0
121 54.5 273~50!

321 220 373.1 100 100.0
320 309.9 5~2! a 100.3
420 226.0 13~2! 16.7
221 66.2 49~10!

aThese transitions are very weak and possibly contaminated in
gg coincidence spectra. The listed intensities should perhaps
considered as upper limits.
9-18
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We assign the configurations

~a! Kp502; p9/22@514#2n9/21@624#,

~b! Kp512; p7/21@404#2n5/22@512#

to the two bands. For these configurations the intrinsicM1
transitions are forbidden. The deviations of theg-ray inten-
sities for transitions between such bands withuDKu51 are
usually attributed to their mutual coupling by the Corio
interactionHc . In the two-particle caseHc couples bands
with DV5DK for one of the two valence particles with th
intrinsic configuration of the other particle remaining u
changed@24#. For the configurations~a! and~b! this selection
rule is violated and thus the 02 and 12 bands cannot couple
in first order through the Coriolis interaction.

The low-lying two-quasiparticle states that can lead to
Kp512→02 interbandM1 transitions via first-order ad
mixtures are the configurations

~c! Kp502; p7/21@404#2n7/22@514#,

~d! p7/21@404#2n7/22@503#,

~e! p5/21@402#2n5/22@512#,

~ f! Kp512; p5/21@402#2n7/22@514#.

The state~f! leads to a renormalization of thegK factor of
band~b! but has in first order no influence on the branchi
ratios of theKp512→02 interband transitions. The thre
Kp502 states can couple both to the 02 and 12 bands via
Vpn andHc , respectively.

The Coriolis interaction of two bands withuDKu51 gives
rise to a mixing of these bands with amplitudes of admixt
6c(I ). In the two-particle case the first-order expression
c(I ) is @18,24#

c~ I !5eA@11d~K,,0!#~ I 2K,!~ I 1K.!

e52A0^V.u j 1uV,&/DE, ~5!

whereV, andV.5V,11 are the quantum numbers of th
valence particle with different configurations in the two i
teracting bands, andDE is the unperturbed energy differenc
of the bands that are assumed to have identical rotati
parameters. The Coriolis coupling of the 12 band ~b! with
the band~e! is expected to be negligible, since the couplin
matrix element̂ 7/21404u( j p)1u5/21402& is small and the
energy separation is large. The bands~c! and~d! are expected
to be coupled to band~b! with comparable strength: band~c!
is located close to band~b! but the matrix elemen
^7/22514u( j p)1u5/22512& vanishes in the limit of the
asymptotic quantum numbers, whereas the energy separ
between the bands~b! and ~d! is larger but the matrix ele
ment ^7/22503u( j p)1u5/22512& is asymptotically allowed.
Moreover, these couplings provide a natural explanation
the signature dependence of theg-ray intensities: the two
signature branches of the 02 bands are split~Newby split-
ting, see, e.g., Refs.@4,24#! leading to different admixtures
for the two signature branches of the 12 band. Experimenta
results for the signature splittings of the bands~c! and~d! are
01430
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known from the neighboring nuclei176Lu and 182Ta, respec-
tively @23,25#. In both cases the odd-spin members of the2

bands are energetically lowered. The coupling of these ba
with the 12 band should lead to an increase of the ene
differencesDE5@E(I )2E(I 21)#/2I of the 12 band for
evenI compared to those for oddI as observed:DE513.6,
11.0, and 14.3 keV forI 52, 3, and 4, respectively.

With these couplings theM1-matrix element for the in-
terband transitions can be expressed in first order by thegen-
eralized intensity relation@18#

^K f ,I f iM~M1!iKi ,I i&/A2I i11

5A@11d~K,,0!#^I iKi1K f2Ki uI fK f&

3@M11M2$I f~ I f11!2I i~ I i11!%#. ~6!

For theKi51→K f50 transitions, one obtains

M15aa,c^0cuM~M1,n521!u1b&

1aa,d^0duM~M1,n521!u1b& ,

M25aa,ceb,c~sb!^0cuM~M1,n50!u0c&1aa,deb,d~sb!

3^0duM~M1,n50!u0d&, ~7!

whereaa,c andaa,d are the amplitudes of admixture of th
bands~c! and~d! in band~a! that are assumed to be indepe
dent of the spins, andeb,c and eb,d are the spin-reduced
amplitudes of admixture of the bands~c! and~d! in band~b!
assumed to depend on the signaturesb of band~b!.

The observed suppression of theI→I transitions for the
odd spins can be explained ifM1 is small @for K50→K
50 transitionsB(M1;I→I ) vanishes because the Clebsc
Gordan coefficient̂ I010uI0& is zero#. To obtain an order-of-
magnitude estimate of the amplitudes of admixture, we
sumeM150, admixture of only one 02 band to the 12 band
and 1.0 for the ratio of the intrabandM1-matrix elements to
obtain

R~ I !'
4I 3

I 21
~ae!2.

From the experimentalB(M1) ratios, one obtains values o
uaeu'0.731022 and'1.431022 for sb521 ~even spins!
andsb511 ~odd spins!, respectively. These results have t
expected order of magnitude.

Two discrepancies remain:~1! The experimentalg-ray in-
tensity of the 2→2 transition is too high. As already note
above, thisg ray is very weak and might have been misa
signed.~2! For M150 the g-ray intensities of theI→I 11
transitions listed in the last column of Table X are multiplie
by @(I 11)/I #2 leading to discrepancies of factors of'2 for
these transitions. We believe that this could be due to hig
order corrections, e.g., the admixtures of the band~f! in band
~a!.
9-19
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2. KpÄ7¿ and 8¿ bands

Five levels withKp571 and 81 are predicted in the BCS
calculations below 1 MeV with the configurations

~a! Kp571; p5/21@402#1n9/21@624#,

~b! p9/22@514#1n5/22@512#,

~c! Kp581; p7/21@404#1n9/21@624#,

~d! p9/22@514#1n7/22@514#,

~e! p9/22@514#1n7/22@503#.

These levels are expected to be coupled through the Cor
interaction@level ~a! with ~c!; level ~b! with ~d! and~e!# and
the residual interactionVpn . The two-quasiparticle states~a!
and ~c! are established from the previous work at 358 a
179 keV, respectively. Two additional rotational sequenc
built on 81 levels at 517 and 577 keV, were interpreted
Refs. @4,5# as 81 bands with the configurations~e! and ~d!,
respectively. As already mentioned above, Dracouliset al.
@4# also considered an interpretation of the 577 keV ro
tional sequence as an extension of the 71 band~a!, but re-
jected this possibility on account of the different partial d
cay rates of the transitions from the 71 and 81 states to the
179 keV 81 level. We want to show in the following discus
sion that this lifetime discrepancy can be explained by tak
into account the Coriolis coupling of bands~a! and ~c!, and
consequently suggest that the 577 keV level structure m
indeed be the extension of band~a!.

The M1-matrix elements for transitions between ban
with DK51 coupled by the Coriolis interaction are d
scribed, to first order, by the generalized intensity relat
~6!. For Ki5K andK f5K11 the matrix elementsMi have
the form

M15M022~K11!M2 ,

M25
e

A2
@^K11uM~M1,n50!uK11&

2^KuM~M1,n50!uK&# ~8!

with

M05^K11uM~M1,n521!uK&

2eA2^KuM~M1,n50!uK&. ~9!

With these relations one can estimate the interband t
sition rates for the Coriolis coupled bands~a! and~c!. For the
M1 transition from the 358 keV 71 level to the 179 keV 81

level Eqs.~6! and ~8! yield B(M1;71,7→81,8)5M0
2. As-

suming pureM1 multipolarity for the 179.1 keV 71→81

transition andt(71)56064 ns @4,5# one obtains

uM0u5~0.9460.03!31022
e\

2Mc
.
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The bands~a! and ~c! couple through the interaction
matrix elementA0^7/21404u( j p)1u5/21402&. For this matrix
element a value of'5 keV is obtained from an analysis o
interband transitions between the corresponding 5/21 and
7/21 bands in 175Lu @18#. Assuming this value of the
interaction-matrix element for the bands~a! and ~c! and
DE'370 keV, one obtainsuea,cu'0.0135. The intraband
M1-matrix elements can be estimated with calculated val
of gK yielding '0.60 and'20.37 e\/2Mc for the bands
~a! and ~c!, respectively. With these estimates one obtain

uM2u'0.9331022
e\

2Mc
.

If the 577 keV level is the 81 member of band~a!, one
obtains with theseMi and the relationB(M1;81,7→81,8)
5(M1/3)2'(16M2/3)2 for the 398 keV 81→81 transition
a partial decay rate ofTg'33109 s21. Thus the Coriolis
coupling of the bands~a! and~c! leads in a natural way to an
enhancement of the (81,7)→(81,8) transition compared to
the (71,7)→(81,8) transition. It is interesting to note her
that ~i! the matrix element of 5 keV corresponds to
interaction-matrix element of 20 keV for the 81 members of
the bands~a! and~c! close to the value of 25 keV suggeste
by Saitohet al. @5# for the interaction of the 179 and 577 ke
81 levels, and~ii ! Dracouliset al. @4# have already suggeste
a mixing of the bands~a! and ~c! as an explanation for a
possible discrepancy between the measured and calcu
(gK2gR) values of the band~c!.

The mixing of the bands~a! and~c! also gives rise toE2
transitions between these bands. The Coriolis coupling le
to first order, to anI-independent renormalization of the in
trinsic E2-matrix elementMi ,

Mi~E2!⇒Mi~E2!1Mc~E2!

with

Mc~E2!5A6eA 5

16p
eQ0 . ~10!

The inducedE2 moment is expected to be large compar
to the intrinsic moment@18#. With the above estimate o
e and Q05679 fm2 one obtainsMc(E2)57.8 e fm2, and
an E2 transition rate for the 179 keV 71→81 transition of
Tg(11a tot)51.33107 s21 that would account for'75%
of the observed total transition rate. Saitohet al. @5# derive a
conversion coefficient ofa tot(179 keV)50.9660.10 from
intensity balance considerations that would limit theE2 con-
tent of the 179 keV transition to at most 25%. One possi
explanation for this discrepancy would be that the intrin
and inducedE2 moments partly cancel each other. Howev
the 5/2@402#→7/2@404# transition involves a spin flip and a
E2 transition is therefore forbidden. We consider thisE2
discrepancy as an indication for mixed configurations of
first-excitedKp571 and 81 bands.

The Coriolis coupling also implies corrections to the r
tational energies that amount, to first order, to a renormal
tion of the rotational parameterA0 by dA'6e2DE @18#.
9-20
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The experimental values ofA calculated from the energ
differences of the 81 and 91 levels areA510.91, 11.54, and
12.85 keV for the 179, 517, and 577 keV 81 levels, respec-
tively. Under the assumption that the 577 keV level is the1

member of the 71 band, one would obtain A0
511.88 keV,dA560.97 keV, and withDE'370 keV a
mixing amplitude ofueu'0.05. Again, this indicates the pres
ence of additional coupling effects.

The previous assignment of the 577 keV 81 sequence as
Kp581 band with the configuration p9/22@514#
1n7/22@514# was based on experimental intraba
B(M1)/B(E2) ratios which, according to Saitohet al. @5#,
confirm this assignment. Theg-ray intensity ratios of these
transitions are compared in Table XI with the ratios calc
lated for theKp571 bands~a! and~b! and theKp581 band
~d!. For band~a! the I→(I 21) M1 transitions are underes
timated by a factor of'5. However, the agreement is n
much better for the 81 band ~d! and the experimental dat
show some scattering casting doubt on their reliability.

The Kp581 band based on the 517 keV level is asso
ated in Refs.@4,5# with the configuration~e!, based on the
comparison of measured and calculated (gK2gR) values.
Dracouliset al. @4# note one difficulty with this assignmen
in the BCS calculation the configuration~e! is predicted 220
keV higher than the observed state, whereas the config
tion ~d! is predicted 80 keV lower. These authors, therefo
suggest that this could imply an overestimate of the ene
of the single-neutron 7/22@503# orbital in their calculation
and a corresponding underestimate of the 7/22@514# energy.
The 11 doublet partner of the 81 state with the neutron
configuration 7/22@514# was identified in the present work a
320 keV in agreement with the calculated energy of Ref.@4#,
which seems incompatible with the proposed ene
changes. We, therefore, adopt the assignment of the con
ration p9/22@514#1n7/22@503# to the 517 keV 81 level
only tentatively.

To summarize this discussion, we believe that the in
band and interband transitions between the five low-ly
bands withKp571 and 81 are sensitive to the mixing of al
five bands, and therefore a better understanding of these
plings is a prerequisite for reliable configuration assignme
based ong-ray branching ratios. In particular we mention th
possible importance of the 71 band~b! that is predicted to be

TABLE XI. Gamma-ray branching ratios for intraband trans
tions of theKp571 band in 180Ta.

I p I g@ I→(I 21)#/I g@ I→(I 22)#a

Exp. K57a K57b K58d

91 4.3~7! 0.85 3.24
101 3.1~4! 0.44 1.73 5.59
111 1.1~1! 0.29 1.13 2.76
121 1.5~3! 0.21 0.82 1.80
131 0.27~6! 0.16 0.64 1.31

aThe values in column 2 are experimental results from Ref.@5#. The
values in columns 3 to 5 were calculated withQ05679 fm2 and
^KuM(M1,n50)uK&50.60, 1.5, and 2.0 e\/2Mc for the bands
~a!, ~b!, and~d!, respectively.
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separated from band~a! by only '100 keV @4,5#, but for
which so far no experimental information is available. Th
band is expected to couple strongly to the 81 bands~d! and
~e! and these couplings could have a large influence on
interband transitions.

IV. CONCLUSION

The nuclear structure of180Ta has been studied by in
beam g-ray spectroscopy following the (p,n) and (d,2n)
reactions in which preferentially two-quasiparticle sta
with low K are populated. We have identified eight new lo
lying rotational bands, thereby doubling the number
known levels with their associated bands. Reliable confi
ration assignments can be made for most of these bands
the experimental bandhead energies agree in general with
values predicted by BCS calculations to better than 100 k
In spite of this progress, two-thirds of the two-quasipartic
levels predicted below 1 MeV are still unobserved. Mor
over, for some of the identified bands the level density
high with several states so far unidentified, and band c
plings have a large effect on theg-ray branchings used fo
configuration assignments making these assignments un
tain.

One aim of the present investigation had been to sea
for low-lying states that could be responsible for the expe
mentally established link between the 11 ground state and
the 92 isomer by inelastic photon scattering. We obser
levels at 892.6 and 907.3 keV with possible branchin
populating both the ground state and the isomer. Howe
the assignments of theg rays depopulating these levels a
still uncertain and their involvement in theKp592 to 11

transformation is therefore not clear. A unique identificati
of the decay properties of these levels would require an id
tification of the weak feeding transitions to be utilized in t
gg coincidences that was beyond the sensitivity of our m
surements.

In the present work,gg coincidences were measured wi
five Ge detectors, yielding only limited statistical accura
With moderngg-coincidence arrays, it should be possible
increase the experimental sensitivity for the identification
the missing two-quasiparticle states by at least two order
magnitude. Moreover, we believe that such a measurem
would also be a promising approach for the identification
the higher-lying intermediate states involved in the coupl
of the 92 isomer to the ground state.

Direct experimental information on the location and stru
ture of some of the as yet unidentified states could also
obtained from a study of the179Hf(a,t) reaction. This
would, however, require a high-resolution, high-statist
measurement with a highly enriched179Hf target. Finally, a
high-resolution study of the182W(d,a) reaction with a po-
larized deuteron beam would also be valuable. This reac
enables definite spin-parity assignments for low spins
could thus provide information on the 02 states that are dif-
ficult to identify in the compound and single-nucleon trans
reactions.
9-21
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