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High-spin states and band structures in182Pt
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Excited states in182Pt have been studied via the heavy-ion reactions170Yb(16O,4n), 162Dy(24Mg,4n), and
163Dy(24Mg,5n). g-ray coincidence measurements were performed with arrays of HPGe detectors at the
McMaster University Tandem Accelerator Laboratory (16O-induced reaction! and the Institut de Physique
Nucléaire, Orsay (24Mg-induced reactions!. The ground-state rotational band has been extended toI526\, and
six new band structures have been identified and assigned quasiparticle configurations. Theg-vibrational band
and the band built upon the first excited 01 state have also been extended. Properties of the rotational bands
are compared with cranked-shell-model and total-Routhian-surface calculations. Evidence concerning shape
coexistence at low spin and band crossings at high spin is discussed.@S0556-2813~97!00702-4#

PACS number~s!: 21.10.Re, 23.20.Lv, 27.701q
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I. INTRODUCTION

The Pt isotopes have four protons fewer thanZ582, the
‘‘magic’’ proton number at which there is a large she
energy gap for spherical nuclei. This difference in prot
number is sufficiently large that collective correlations c
establish deformation, along with associated rotational b
structures, yet small enough that the properties of exc
states are clearly influenced by the presence of the shell
This influence is particularly strong for states of low exci
tion energy and spin, which have been the object of m
experimental and theoretical investigation for this reas
~e.g., Refs.@1–3#!. A picture has emerged which characte
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izes the ‘‘normal’’ states in this region as multi-proton-ho
(nh, n5822Z) configurations with respect to theZ582 Pb
closed core, while the possibility of exciting two proton
across the shell gap leads to ‘‘intruder’’ states in the sa
nucleus with a proton two-particle-multi-hole@2p2(n
12)h# configuration@1#. Although this may be an oversim
plification, especially the farther one moves from t
Z582 closed shell, theoretical calculations and experime
observations support such a picture in general and for th
chain suggest that the ‘‘normal’’ states are associated w
oblate deformation (b2.20.15), the ‘‘intruder’’ states with
prolate deformation (b2.0.25) @4,5#. Theory also predicts
coexisting band structures built upon these states, with str
mixing occurring at low spin. TheN5104 nucleus182Pt is
particularly interesting in this regard, since it lies directly
the middle of the neutronN5822126 major shell. It has
been suggested that neutron-proton correlations are cruci
the deformed intruder configurations becoming energetic
favored and that they are maximized at this neutron num
@6#.

For nuclei in the vicinity of182Pt, rotational bands asso
ciated with the well-deformed prolate structures comprise
vast majority of known yrast and near-yrast states above
I'8\ @7–16#. According to calculation, though, some influ
ence of the oblate structures is preserved, as a degre
softness in the calculated energy surfaces. This leads to
possibility of dynamic effects, such asg andb vibrations,
and shape changes caused by the occupation of deforma
driving orbitals which lie near the Fermi surface, such as
high-j n i 13/2, ph9/2, and p i 13/2 orbitals. Occupying the
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1176 55D. G. POPESCUet al.
n i 13/2 orbital, whether as one component of a tw
quasiparticle excited band or as a broken pair following
tational alignment, is expected to induce a change tow
negative g deformation, whereas occupying either t
ph9/2 or thep i 13/2 orbital is expected to lead to an enhanc
ment in the quadrupole deformationb2 and also a change
toward positiveg deformation. There is also some questi
as to which rotational band crossings occur in the light
and nearby nuclei, with the possibilities of a pair ofi 13/2
neutrons and/or a pair ofh9/2 protons being raised~e.g.,
@8,12#!.

Although there have been many experimental studies
nuclei in this mass region, there are no published res
dealing with the high-spin properties of182Pt.1 Previous in-
beamg-ray work on this nucleus by Burdeet al. @17#, estab-
lished the ground-state rotational band to spin~121). The
subsequent electron andg-ray spectroscopy measuremen
of Cailliauet al. @19# and Hussonet al. @18#, who studied the
b decay of 182Au, revealed 02

1 and 23
1 states, which, they

suggested, might represent the lowest members of a ‘‘qu
b ’’-vibrational band. They also observed the 22

1 , 31, and
42

1 states, which they interpreted as belonging to
g-vibrational band.

The present work outlinesg-ray spectroscopic studies fo
lowing heavy-ion compound-nucleus reactions, designed
examine the properties of high-spin states in182Pt and to
relate them to the existing experimental and theoretical
dence concerning shape coexistence, dynamic effects,
the characteristics of band crossings in this mass region

II. EXPERIMENTAL DETAILS

Measurements of high-spin states in182Pt were made a
two accelerator laboratories. At the McMaster Univers
Tandem Accelerator Laboratory, an isotopically enrich
~85%! target of 170Yb ~1.9 mg cm22) on a 5.4-mg/cm2

backing of 208Pb was bombarded by a beam of16O. An
excitation function was performed and a beam energy of
MeV found to optimize the population of high-spin states
182Pt. An array of eight high-purity~HP! Ge detectors~each
having 25% relative efficiency, with no Compton-scatteri
suppression! was used to detectg rays, with six additional
NaI scintillation counters acting as a multiplicity filter. Fiv
of the HPGe detectors were located in the reaction plan
approximately 0, 30, 45, 60, and 90 degrees with respec
the beam axis and the other three in a plane perpendicul
the beam axis, with all detectors approximately 12 cm fr
the target. The HPGe and NaI detector faces were cov
with graded Pb, Cd, and Cu shields in order to reduce
intensity of Pb x rays. In addition, the sides of the detect
were shielded with lead to prevent scattering ofg rays from
one detector to another. The relative efficiencies of the
tectors were determined with standard152Eu and 133Ba
g-ray calibration sources.

Events consisting of either three HPGe detectors or

1During preparation of this manuscript, the unpublished data o
Bark et al. @21# came to our attention. The results agree, for
most part, with the present work; some possible differences
mentioned in Sec. III.
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HPGe detectors plus at least two NaI counters firing
prompt coincidence~within .70 ns! were recorded. Ap-
proximately 2503106 HPGe twofold coincidences were co
lected. These events were subsequently sorted into a 4
channel3 4096-channel matrix, from which the backgroun
was subtracted with the method of Palameta and Wadding
@20#. Coincidence relationships between transitions were
termined with standard gating techniques. Furthermore,
A2, A4 angular-distribution coefficients were extracted fro
spectra taken at each of the five detector angles in the r
tion plane. For those angular distributions which indicat
pure dipole character the transitions were assigned asE1,
since the possibility of pureM1 radiation with noE2 admix-
ture was considered highly unlikely.

A second experiment, designed to extend the band
higher spins, was performed at the MP Tandem acceler
laboratory in Orsay with the ‘‘Chateau de Cristal’’g-ray
spectrometer, which comprised 12 Compton-suppres
HPGe detectors, 8 of 80% and 4 of 25% relative efficien
combined with a 38-element BaF2 sum-energy and multi-
plicity filter. The 162,163Dy(24Mg,4 5n! reactions at 129 MeV
were used, the targets consisting of enriched 1.3-mg/c2

foils. With the requirement that at least two HPGe detect
and four BaF2 detectors fired, approximately 803106 two-
and-higher-fold events were obtained. The data were a
lyzed with standard coincidence gating and backgrou
subtraction techniques.

III. EXPERIMENTAL RESULTS

A decay scheme for182Pt is shown in Fig. 1 and a sum
mary of the transition energies, relative intensities, and
results of the angular distributions measurements is p
sented in Table I. The decay scheme is similar to that
tained for 184Pt by Carpenteret al. @12# and we have labeled
the bands in a manner which is consistent with that study
some instances it has not been possible to unambiguo
determine spins and/or parities, although in all cases the
bels in the figure are consistent with the data and agree
systematic features of the even-even nuclei in the vicinity
brief explanation of some aspects of the decay scheme
lows.

A. Yrast band 1

The ground-state band was previously known to s
~121) @17# and has now been extended to 261. Figure 2
presents theg-ray spectrum gated on the 634-keV memb
of the band. This line is clearly a doublet and a sharp drop
the intensities for the higher energy transitions is observe
can be seen from Fig. 1 that band 1 remains yrast to
highest spins observed.

B. Band 8 and theg band

Two short cascades have been observed. Band 8, pos
a low-deformation band~see below!, consists of four
stretchedE2 transitions with higher transition energies th
the yrast cascade. In addition six members of a positi
parity band have been assigned as theg-vibrational band
(g band!. The lowest-spin members of both of these ban
were known previously@18#.

.
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55 1177HIGH-SPIN STATES AND BAND STRUCTURES IN182Pt
FIG. 1. Level structure of182Pt deduced from the present work.g-ray energies are labeled in keV. The widths of the arrows a
proportional to the intensity.
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C. Band 2

The lowest level identified in band 2 is the state at 30
keV with suggested spin-parity 132 and the band is estab
lished up toI5(272). Figure 2 illustrates theg-ray spectrum
gated on the 502-keV transition. The branching of the de
of the ~152) level into the yrast band and band 5 is evide
The spin and parity of band 2 have not been establish
since the transitions connecting band 2 to the rest of the l
scheme are either very weak or parts of multiplets. Nev
theless, the similarity of this band to a negative-parity ba
in 184Pt @12# supports a (p,a)5(2,1) assignment and th
angular distribution coefficients are consistent with this. I
worth mentioning here that the suggestion concerning ba
2 and 5 having the same (p,a) is not consistent with Ref
@21#, but in the present data it is supported by the observa
of 433-keV and 446-keV transitions cross-linking the tw
bands. With the spins suggested, band 2 is close to beco
yrast at the highest spins observed, (27\). By comparison,
the analogous band in184Pt becomes yrast at spin 25\.
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D. Bands 3 and 4

Bands 3 and 4~Fig. 2 shows a spectrum gated on th
285/286-keV transitions! are based upon a 1955-keV 72

bandhead. The assigned spin and parity are based on
750-keV angular distribution, which is consistent with that
a pure dipole~assumedE1) transition. Prompt coincidence
across the 72 level are observed, indicating that this stat
lifetime is less than the coincidence resolving time of.70
ns. Note that Ref.@21# suggests that bands 2 and 3 are cro
linked in such a way that the excitation energies of bands
are 60 keV higher than deduced in the present work.
though the present data cannot rule out the possibility of
unobserved 60-keV transition de-exciting bands 3,4, they
not show evidence for bands 2 and 3 being linked.

The regularity of both theDI51 sequence and th
DI52 cascades shows that these two bands are stro
coupled, indicating little or noK50 admixtures in the wave
functions. Similar bands with high-K components have bee
observed in180Os @15# and 184Pt @12#, built on 1928-keV
72 and 1844-keV 82 isomeric states, respectively. In th
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TABLE I. Properties ofg-ray transitions placed in182Pt.

Energya I i→I f Bands I g
b A2 A4 d Multipolarity

91.5 72→61 4/3 1.9~7!

127.0 82→72 3/4 3.0~3! 20.53~4! 20.06~6! 0.25~15! M1/E2
133c 61→51 g
138c (181)→181 7/1
155.0 21→01 1 72.1~35!
159.3 92→82 4/3 2.0~2! 20.53~4! 0.01~33! 20.21~7! M1/E2
185.8 102→92 3/4 3.2~3! 20.56~6! 0.02~5! 20.21~6! M1/E2
186 (161)→161 7/1
191 (201)→201 7/1
207.4 112→102 4/3 2.8~3! 20.53~7! 0.01~8! 20.18~7! M1/E2
225 (82)→72 6/5
225.2 122→112 3/4 3.1~3! 20.68~8! 0.02~9! 20.29~15! M1/E2
243.1 132→122 4/3 1.7~2! 20.27~9! 0.01~9! 20.02~5! M1/E2
254.1 72→52 5 5.3~7!

254.4 142→132 3/4 2.1~4!

263 (102)→92 6/5
264 (132)→141 2/1
264.3 41→21 1 118.9~44! 0.34~3! 20.12~3! E2
271 51→41 g
271.5 152→142 4/3 2.3~6!

275 (72)→61 5/8 3.8~3!

276.9 162→152 3/4 2.0~2! 20.17~9! 0.00~9! 20.04~8! M1/E2
285 72→52 3/5 3.8~4! 0.35~7! 20.11~8! E2
286.3 92→72 4 4.7~4! 0.31~5! 20.07~6! E2
296.9 182→172 3/4 2.4~7!

297.3 172→162 4/3 2.5~7!

304.7 (82)→(62) 6 3.5~4!

306.0 72→61 4/8 3.3~6!

314.5 202→192 3/4
316.1 92→72 5 11.2~7! 0.32~4! 20.08~4! E2
317 (122)→112 6/5
324.7 192→182 4/3
336.2 (141)→141 7/1
345 01→21 8/1
345.1 102→82 3 8.9~5! 0.37~5! 20.11~5! E2
353.9 (102)→(82) 6 2.3~8!

355.0 61→41 1 100.0~5! 0.34~3! 20.10~3! E2
356 21→01 8
362 51→31 g
366 41→21 g
374.2 112→92 5 12.2~10! 0.37~4! 20.12~4! E2
383 41→21 8
383.4 (152)→(132) 2 3.8~4!

393.2 112→92 4 8.8~5! 0.30~5! 20.06~5! E2
404 61→41 g
407 (132)→(121) 2/7
410 61→41 8
419 (82)→71 6/g
427 71→51 g
427.4 (122)→(102) 6 4.9~9!

428 (162)→152 6/5
430.9 81→61 1 92.2~55! 0.31~3! 20.07~3! E2
431.2 132→112 5
432 52→41 5/8
432.7 122→102 3
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TABLE I ~Continued!.

Energya I i→I f Bands I g
b A2 A4 d Multipolarity

433 (152)→132 2/5
446 152→(132) 5/2
446 61→81 8/1
448 (121)→121 7/1
464 41→61 8/1
468 81→61 8
468.4 132→112 4 9.3~8! 0.39~6! 20.14~6! E2
476.4 (161)→(141) 7
477 (182)→172 6/5
478 (141)→(121) 7
487 72→61 5/g
492.6 101→81 1 72.0~45! 0.33~5! 20.08~3! E2
493.8 (142)→(122) 6 3.1~8!

495.6 152→132 5 4.3~8! 0.34~7! 20.09~7! E2
497.5 142→122 3 9.6~6! 0.29~7! 20.05~7! E2
502.4 (172)→(152) 2 9.3~9! 0.32~9! 20.08~9! E2
511 (202)→(192) 6/5
512 21→21 g/1
518 72→61 4/g
522 (172)→161 2/1
523 71→81 g/1
525.9 152→132 4 11.3~10! 0.37~6! 20.12~6! E2
530 51→61 g/1
535.9 172→152 5 5.7~5! 0.19~6! 20.02~6! E2
540 (62)→51 6/g 3.7~6! 20.04~10! 0.00~10!
543.5 121→101 1 64.7~38! 0.20~3! 20.10~3! E2
546.0 (162)→(142) 6 8.0~11! 0.38~8! 20.13~9! E2
548.4 162→142 3 8.7~8! 0.34~6! 20.09~6! E2
559 61→51 2/g 1.9~6! 20.10~20! 0.00~21!
574.2 172→152 4 8.9~9! 0.32~9! 20.08~9! E2
579.7 192→172 5 6.4~6! 0.37~11! 20.12~11! E2
583.7 (182)→(162) 6 3.5~5!

587.0 (181)→(161) 7
587.2 (192)→(172) 2 12.2~12! 0.37~7! 20.13~7! E2
590.0 141→121 1 43.1~22! 0.38~3! 20.13~4! E2
594.2 182→162 3 5.3~5! 0.35~15! 20.10~15! E2
599 13,14→(121) 2/7
611.1 (202)→(182) 6 2.6~8!

613 41→41 g/1 8.0~10! 20.02~11! 0.00~9! M1/E2
621.5 212→192 5 4.1~8! 0.20~9! 20.02~9! E2
621.6 192→172 4 6.7~9! 0.20~9! 20.02~9! E2
624 242→222 3
628.5 161→141 1 28.0~18! 0.38~4! 20.13~4! E2
633.8 181→161 1 15.8~15! 0.37~6! 20.13~6! E2
634.6 201→181 1 9.3~13! 0.26~8! 20.04~8! E2
636 222→202 3
637.4 (222)→(202) 6
638.3 (212)→(192) 2 8.8~6! 0.36~9! 20.11~9! E2
639.2 202→182 3 6.6~5! 0.36~9! 20.11~9! E2
648.3 (152)→141 2/1 4.8~7! 20.11~22! 0.00~21!
662 61→61 g/1
667 21→01 g/1
669.2 212→192 4 2.6~5! 0.37~31! 20.12~31!
673 232→212 5 3.4~5! 0.37~13! 20.12~12! E2
674.7 221→201 1 5.5~5! 0.37~16! 20.12~16! E2
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TABLE I ~Continued!.

Energya I i→I f Bands I g
b A2 A4 d Multipolarity

675 (242)→(222) 6
686 (232)→(212) 2
687.0 (201)→(181) 7
699 21→21 8/1
714 232→212 4 2.0~9! 0.34~8! 20.09~8! E2
718.6 (221)→(201) 7
719 72→81 5/1 3.2~5!

723.6 241→221 1 5.2~6! 0.13~15! 20.01~15!
731 (252)→(232) 2
743 (241)→(221) 7
750 72→81 4/1 2.2~4! 20.20~8! 0.00~8! E1
753 252→232 4
771.1 (181)→161 7/1
772 (272)→(252) 2
778.0 261→241 1 2.0~9!

787 31→21 g/1
799 272→252 4
812.6 (161)→141 7/1
819 41→41 8/1
824.6 (201)→181 7/1
831 61→41 2/g 2.4~4! 0.36~12! 20.11~11! E2
854.4 (132)→121 2/1 2.9~4!

855 21→01 8/1
875 61→41 8/1
878 41→21 g/1
885 51→41 g/1 8.7~9! 0.42~12! 20.29~14!
896 52→61 5/1
955 71→61 g/1 3.0~5! 0.24~5! 20.04~4! E2
992 (121)→101 7/1
1017 61→41 g/1
1036 92→81 5/1
1048 13,14→121 2/1
1083 41→21 8/1 3.6~6!

1089 61→61 2/1 4.1~5! 0.10~10! 0.00~10!
1149 72→61 5/1
1229 61→41 8/1 4.5~5! 0.12~12! 20.01~12! (E2)
1250 52→41 8/1 3.9~5! 20.03~11! 0.00~11! E1
1443 61→41 2/1 2.3~6!

aThe uncertainty ing-ray energies is60.1 keV for transitions withI g.10 and61.0 keV for the remainder.
bIntensities are normalized to 100 for the 355.0-keV 61–41 transition. If no value is given, the transition i
either too weak or contaminated and a reliable intensity measurement was not possible.
cThese transitions were only observed in the magnesium-induced reaction.
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present work, these bands have been identified up to
~242) and~252) levels, respectively. A 91.5-keV transitio
is in coincidence with the 264-keV and 345-keV transition
We have assigned this as an additional decay path out o
band to a 61 state which subsequently decays both to
yrast and to theg band. A similar situation occurs in
180Os, where the 1928-keV 72 level decays to a 61 level via
a 52-keV transition@15#.

E. Bands 5 and 6

A g-ray spectrum gated on the 316-keV transition in ba
5 is illustrated in Fig. 2. Band 5 decays to band 8, to
he

.
he
e

d
e

ground band, and to the even-spin members of theg band.
The 316-keV gated spectrum clearly shows transitions
band 2, confirming that band 2 does decay into band 5
285-keVE2 transition links bands 4 and 5, which establish
the spins and parities for band 5 shown on the level sche
It was not possible to establish spins and parities for ban
since multipolarity assignments could not be made for
transitions linking that band with band 5 or the rest of t
level scheme. Based on the decay pattern of the low-s
members of bands 5,6 and by comparison to similar band
180Os and 184Pt, bands 5 and 6 most likely have the sam
parity and are signature partners~see below!.
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FIG. 2. g-ray coincidence spectra for selected transitions:~a! g-634 keV~band 1!, ~b! g-502 keV~band 2!, ~c! g-286 keV~band 4!, and
~d! g-316 keV ~band 5!. g-ray energies are labeled in keV.
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The 2149-keV level assigned (82) in band 6 decays to
band 5 and to theg band via 225-keV and 419-keV trans
tions, respectively, and the lower-spin state at 1845 k
assigned (62), through a 540-keV transition to theg band.
Note that even though band 6 has manyg rays of similar
energies to those in the yrast band, complicating this par
the level scheme, the members of the band are well es
lished by the gates and the energy additivity of the cross
transitions.

F. Band 7

Band 7 is unique in that the strongest transitions ass
ated with it are decays out-of-band to the yrast sequence.
in-bandg rays are seen only weakly. Since none of the tr
sitions connecting band 7 with 1 are clean or intense eno
to provide angular distributions, the suggested spin and
ity are based on the fact that similar weakly populated ba
with strongDI52 andDI50 transitions feeding the yras
band have been observed in184Pt @12# and 180Os @15,14#.

IV. CONFIGURATION ASSIGNMENTS

The experimental aligned angular momenta (i ) and
routhians (e8) are plotted in Figs. 3 and 4 as functions
rotational frequency, following the prescriptions of th
cranked shell model~CSM! @22#. Core reference parameter
J0526.5\2/MeV, J15110\4/MeV, were chosen to give a
nearly constant alignment in the yrast band following t
,

of
b-
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-
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crossing observed at\v.0.32 MeV.
The properties of band 1, which is based on the grou

state, will be discussed later. Bands 2–7 in182Pt are most
likely built upon two-quasiparticle configurations, by com
parison with theory and with similar bands known

FIG. 3. Quasiparticle aligned angular momenta for the obser
bands in182Pt as a function of rotational frequency. A core refe
ence has been subtracted with the parametersJ0526.5\2/MeV,
J15110\4/MeV. K50 has been assumed for band 1,K51 for
bands 2 and 7,K57 for bands 3 and 4, andK55 for bands 5 and
6 ~see text!.
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1182 55D. G. POPESCUet al.
180,184Pt @10,12# and 180Os @15#, as outlined below. The Nils-
son configurations for proton and neutron orbitals lying clos
to the Fermi surface atb2.0.2, v50 are listed in Table II,
along with their spherical-shell-model parentages. A diagra
of the single-particle neutron orbital energies as a function
quadrupole deformation may be found in Fig. 3 of Ref.@11#.
It should be noted that the neutron positive-parity orbital
namely,i 13/2 9/2

1@624# and 7/21@633#, lie very close in en-
ergy for N5104. As a result of Coriolis- andK-mixing,
especially at finite rotational frequency and nonzerog defor-
mation ~see below!, it is not clear that one can distinguish
between them.

The lowest lying negative-parity neutron orbitals ar
1/22@521#, 7/22@514#, and 5/22@512#, arising from the
shell-modelp3/2, h9/2, and f 7/2 configurations, respectively.
In principle the h9/2 and f 7/2 configurations can mix but

FIG. 4. Quasiparticle Routhians as a function of rotational fre
quency for the bands observed in182Pt. A core reference has been
subtracted~see previous figure caption!.

TABLE II. Quasiparticle configurations and labels forZ.78,
N.104 orbitals close to the Fermi surface at a prolate deformati
of b2'0.2. The cranked-shell model labeling follows the com
monly used convention set out in Ref.@12#.

Configuration CSM label

Shell model Deformed
Parentage Nilsson a51/2 a521/2

i 13/2 9/21 @624# a A B
i 13/2 7/21 @633# a C D

Neutrons f 7/2 5/22 @512# E F
h9/2 7/22 @514# G H
p3/2 1/22 @521# E8 F8

i 13/2 1/21 @660# a b
d3/2 3/21 @402# c d

Protons h9/2 1/22 @541# e f
h11/2 11/22 @505# g h
h11/2 9/22 @514# e8 f 8

aThese two configurations are less than 100 keV apart in the calc
lation at zero rotational frequency.
e

m
f

,

Woods-Saxon calculations suggest that at deformati
b2'0.2 the negative-parityK57/2 andK55/2 orbitals are
fairly pure.

Configuration assignments for bands 2–7 are given
Table III. As discussed below, they are based on a comp
son of their spin, parity,B(M1)/B(E2) ratios ~bands 3,4!
and alignment properties with theory, and with the propert
of similar bands in nearby nuclei.

A. Band 2

Band 2 has a high degree of alignment at low frequen
( i.8\ at \v50.2 MeV! and there is no evidence for
signature partner. In these respects it is similar to band 7~see
below!, but differs from band 7 in that band-2 states clea
interact with states in band 5~see also below!. The only
combination of quasiparticles which can result in a band w
these characteristics is the two-quasiproton configura
ph9/2^ i 13/2. This configuration has been assigned to ban
with very similar characteristics in184Pt @12# and 186Pt @23#.
The parity and signature shown in Fig. 1 are consistent w
this assignment.

B. Bands 3 and 4

Bands 3 and 4 have a modest alignment,i.4\ at
\v;0.2 MeV, and negligible energy splitting between t
two signatures at low frequency (\v,0.3 MeV!. Together
with the assigned spin and parity of the bandhead state
the negative mixing-ratio (d) values, these characteristic
suggest a two-quasineutron configuration, eithern i 13/2^h9/2
or n i 13/2^ f 7/2. Another possibility is the two-quasiproto
configurationh11/2^h9/2, which also has negligible signatur
splitting, but based on systematics it lies several hundred
keV higher in energy than the two-quasineutron configu
tions. In addition, the sign ofd would be positive rather than
negative.

Strongly coupled negative-parity bands have been
served in184Pt @12# and assigned as signature partners of
n9/21@624# ^7/22@514# configuration, i.e.,n i 13/2^h9/2. In
that nucleus the bands are built upon aKp582 state with a
1.1-ms lifetime @17#, whereas in182Pt the bandhead stat
probably hasK57 and, within the limits of our coincidence
timing resolution (;70 ns!, no lifetime is observed. The

-

n

u-

TABLE III. Quasiparticle configuration assignments for ban
structures in182Pt.

Band Assignment (p,a)

1 ground-state band~GSB! (1,0)
2 p i 13/2^h9/2 (2,1)
3 n i 13/2^h9/2 (2,0)
4 ’’ ( 2,1)
5 n i 13/2^p3/2 (2,1)
6 ’’ ( 2,0)
7 continuation of GSBa (1,0)
8 oblate band (1,0)
g g-vibrational band (1,0/1)

aAbove spin 18.
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55 1183HIGH-SPIN STATES AND BAND STRUCTURES IN182Pt
situation is thus more readily compared to the isoto
180Os, where the lifetime of a 72 state at similar excitation
energy is 2765 ns @15,14# and 184Hg, where a bandhea
state of suggested spin-parity 72 has been observed@34#
with decay characteristics similar to that observed in
present work.

Apart from the experimental limitations, the absence o
measurable lifetime in182Pt is likely caused by two factors
First, the combination of odd spin and higher excitation e
ergy for the bandhead state in182Pt opens up a number o
possible decay paths to the ground state and other ba
Second, the182Pt negative-parity bands 3–6 lie closer
energy than their analogues in184Pt, which could result in
some mixing. This would explain the 285-keVE2 transition
between the band-4 72 and band-5 52 states, which would
normally be ill favored by the availability of alternative de
cay paths throughE1 transitions. Such mixing would b
stronger near the bandheads, where states of the same
parity lie closest in energy. The lowerK-value in 182Pt vs
184Pt can be associated with the decrease fr
N5106–104,which brings then7/21@633# orbital closer
to the Fermi surface. Based on the modest intensity of
DI51 M1/E2 transitions~see below!, we suggest that band
3,4 have an i 13/2^h9/2 configuration. Given the most prob
able bandhead-stateK value of 7, this corresponds to th
Nilsson configuration 7/21@633# ^7/22@514#, although as
we have said earlier the distinction betweenK57/2 and
K59/2 members of the neutroni 13/2 family of orbitals is not
clear atN5104.

C. Bands 5 and 6

Although the spectroscopic data alone do not perm
firm parity assignment for band 6, the presence of sim
bands in180,184Pt and180Os@14# strongly suggests that band
5 and 6 are negative-parity signature partners. Likely c
figurations areK54,5 n i 13/2^p3/2 andK57,8 n i 13/2^ f 7/2.
The two signatures of the 1/22@521# np3/2 orbital lie far
apart in energy, as revealed in181,183Pt @9,11#, so that the
n i 13/2^p3/2 configuration in182Pt is expected to possess th
same modest degree of signature splitting as then i 13/2 bands
in the neighboring odd-N nuclei. The alternative configura
tion, n i 13/2^ f 7/2, is expected to display the same lack
signature splitting as the one-quasineutron 5/22@512# n f 5/2
configuration in 181Pt. The measured signature splitting
bands 5 and 6,De8590 keV at \v50.25 MeV, reflects
fairly closely the splitting of then i 13/2 band in 181Pt,
De85105 keV @9#, favoring the n i 13/2^p3/2 assignment.
With this assignment the order of the Routhians for ba
3–6 ~see Fig. 4!, and the lack of evidence for a strong
coupled band associated with then i 13/2^ f 7/2 configuration,
are consistent with the order of the Routhians observed
181Pt @9#.

D. Band 7

Band 7 has an alignment of approximately 8\ at
\v50.25 MeV and decays only into the ground-state ba
in the spin range 20>I>10\. Similar bands with positive
parity and even spins have been observed in, among ot
180,182Os and180,184,186Pt nuclei. A wide variety of explana
s
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tions including prolate multi-quasineutron@10,12,15,24#,
tilted-axis-cranking ~TAC! @25,16#, oblate @23#, and
g-vibrational @26,27# configurations have been suggeste
The assignment of band 7 as the high-spin continuation
theg band is energetically possible in182Pt, as is the possi-
bility that band 7 is a continuation of band 8, the obla
structure. Since theg band has considerable signature sp
ting at low spin and the odd-spin members are not fed
transitions between the two signatures, it is possible that
odd-spin members would not be observed at high spin.
an oblate rotational band no signature-partner band would
expected. In either case, oblate org vibrational, theory pre-
dicts that the configuration at frequencies\v.0.3 MeV
would include a pair of rotationally alignedi 13/2 neutrons,
i.e., g ^AB or ABoblate. Based on the systematic properti
of similar bands in1802186Pt and on comparison with CSM
calculations, we suggest that band 7 most likely represe
the complement of the yrast band undergoing the transi
from ground-state band tos band. The evidence for this in
terpretation is discussed in more detail further on.

E. Band 8

The 01 and 21 members of band 8 were previously o
served by Hussonet al. @18# following the b decay of
182Au and were interpreted as the first two members of
so-calledb band. Low-spin members of such bands ha
been identified in the even-A 1802186Pt isotopes. As de Voigt
et al. point out @10#, measured large conversion coefficien
for the 23

1–21
1 transitions in180Pt point to strongE0 admix-

tures, a possible signature ofb-vibrational states.
We suggest a more likely interpretation is that band

corresponds to a rotational sequence possessing a diffe
shape than the ground-state band. This could also lea
largeE0 admixtures in theI –I decays. There is now a goo
deal of theoretical and experimental evidence suppor
prolate-oblate shape coexistence in the Pt region, favo
the interpretation of band 8 as a weakly deformed obl
band with ap 4-hole configuration relative to the Pb close
core~e.g, Ref.@2#!. The question of shape coexistence at lo
spin is discussed in the following section.

V. DISCUSSION

A. Theoretical calculations

Theoretical predictions of the nuclear deformation f
various quasiparticle configurations have been obtained f
deformation self-consistent calculations of the total Routh
surfaces~TRS!, performed with a nonaxial Woods-Saxo
potential and parameters described in Ref.@28#. Additional
details may also be found in Ref.@12#. Selected surfaces ar
shown in Fig. 5; the quasiparticle labels are explained
Table II. At a frequency\v50.17 MeV, below the frequen
cies at which any predicted band crossings occur,
ground-state~‘‘vacuum’’ ! configuration is predicted to hav
a deformationb250.25,g521°, b4520.01. For the two-
quasineutron negative-parity configurations associated w
bands 3 and 4, theory predicts a somewhat different sh
b250.23, g529°, b4520.02 at \v50.21 MeV. This
shift toward oblate deformation can be attributed to the
formation driving characteristics of the high-j n i 13/2 orbital.
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FIG. 5. Theoretical total Routhian surfaces for selected configurations in182Pt. Details of the calculations are described in Ref.@12#. The
quasiparticle labels are given in Table II.
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By comparison, theory predicts that the two-quasipro
configurationp i 13/2^h9/2, associated with band 2, possess
a deformation ofb250.26,g517°, b4520.01. The posi-
tive g deformation can be attributed to the deformation dr
ing characteristics of thep i 13/2 andph9/2 orbitals, both of
which have highj and lowK.

The TRS results for the ground-state band have been
to calculate the theoretical quasineutron and quasipro
Routhians within the fixed-deformation cranked shell mod
as shown in Fig. 6. Figure 7 shows Routhians calculated
TRS-predicted deformation typical of the two-quasineutr
negative-parity configurations. A Woods-Saxon poten
and the same prescription as in Ref.@12# have been used. A
pointed out by Carpenteret al. in their study of 184Pt, there
are several close-lying negative-parity neutron orbitals
the calculations do not reproduce precisely the order
which is observed in the odd-A Pt isotopes. For example, th
n
s

-

ed
n
l,
a
n
l

d
g

np3/2 1/2
2@521# orbital is predicted to lie higher than eithe

of the nh9/2 7/2
2@514# or n f 7/2 5/2

2@512# orbitals, whereas
it is the lowest negative-parity sequence observed
181,183Pt @9,11#. It is, therefore, not surprising that in182Pt
bands 5 and 6 (n i 13/2^p3/2) lie lower in energy than bands
and 4 (n i 13/2^h9/2), in disagreement with theory.

The measured energy splitting between the two signat
partner bands 5 and 6 closely resembles then i 13/2 signature
splitting in 181Pt. The magnitude of this splitting is not re
produced by the CSM calculations atg50° shown in Fig. 6.
Carpenteret al. @12# suggest that the deformations of ban
which include ani 13/2 neutron shift toward negativeg values
even at fairly low frequency, reaching ag value of about
210° to215° just before the first band crossing. Figure
shows the calculated quasineutron Routhians forg5210°.
Such a deformation increases the energy splitting betw
the two signatures of thei 13/2 orbital to De8590 keV at



A
it-

ci
ve

-
l
e

a-

are

ed

ran-

ood

n o

un
a-

for
two-
g to

55 1185HIGH-SPIN STATES AND BAND STRUCTURES IN182Pt
\v50.2 MeV, in agreement with the measured value.
smaller effect is expected for other low-lying neutron orb
als. For example, the calculations of Fig. 7 predictDe8
515–20 keV for the negative-parity configuration asso
ated with bands 3 and 4, while experiment shows an e
smaller value,De8,5 keV.

B. B„M1…/B„E2… ratios for bands 3 and 4

B(M1:I→I21)/B(E2:I→I22) ratios have been ex
tracted from the measuredg-ray branching ratios in the usua
manner~e.g., Refs.@15,29#! and are shown in Fig. 8. Thes
are compared to theoreticalM1 transition matrix elements
calculated within the geometrical framework of Do¨nau and
Frauendorf@30#, extended to multi-quasiparticle configur
tions @29#, whereby

B~M1;I→I21!5~3/8pI 2!$AI 22K2@~g12gR!K1

1~g22gR!K21~g32gR!K31•••#

2K@~g12gR!i 11~g22gR!i 2

1~g32gR!i 31•••#%2mN
2 , ~1!

FIG. 6. Theoretical one-quasiparticle Routhians as a functio
rotational frequency for~a! N5104 and~b! Z578. The deforma-
tion parameters used are taken from the TRS results for the gro
state sequence at\v50.17 MeV. The Woods-Saxon potential p
rameters are the same as in Ref.@12#. The neutron and proton
pairing are fixed at the so-called BCS values calculated atv50.
-
n

where

K5K11K21K31•••. ~2!

Parameters for various two-quasiparticle configurations
given in Table IV. The magneticgK factors were taken from
a Woods-Saxon calculation atb250.23,b4520.02. As in
Ref. @8#, a value ofgR50.35 was used for the coreg factor.
This value is intermediate to the two other commonly us
values, namelygR'0.27 @16# and gR5Z/A50.43. Of the
observed alignment, 4\ at \v50.2 MeV, half was assigned
to each quasiparticle. TheB(E2;I→I22) values were cal-
culated by assuming a rotational model and a constant t
sition quadrupole moment ofQ057.1eb, the experimental
value for the ground-state band above spin 6@38#. As shown
in Fig. 8, the measured transition strength ratios are in g

f

d-

FIG. 7. Theoretical quasineutron Routhians, as in Fig. 6 but
deformation parameters representative of the negative-parity
quasineutron configurations below any band crossings, accordin
the TRS calculations~see text!.

FIG. 8. B(M1;I→I21)/B(E2;I→I22) values for bands 3
and 4. See text for details.
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TABLE IV. Parameters used to calculate theoreticalB(M1) values for bands 3 and 4 and resultin
B(M1)/B(E2) values at spinI513\.

Quasiparticle Nilsson B(M1)/B(E2) (mN
2 /e2b2)

Configuration Configuration K g1 g2 at I513\

n i 13/2^ f 7/2 n 9/21@624# ^5/22@512# 7 20.25 20.41 0.85
’’ n 7/21@633# ^5/22@512# 6 20.28 20.41 0.65

n i 13/2^h9/2 n 9/21@624# ^7/22@514# 8 20.25 0.29 0.44
’’ n 7/21@633# ^7/22@514# 7 20.28 0.29 0.25

ph11/2^d3/2 p 11/22@505# ^3/21@402# 7 1.26 0.11 1.49
’’ p 9/22@514# ^3/21@402# 6 1.31 0.11 0.94
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agreement with theoretical predictions for the tw
quasineutronn i 13/2^h9/2 configuration which has been a
signed to these bands.

C. Shape Coexistence at Low Spin

Dracouliset al. @2# have suggested that the low-spin pa
tern of yrast states in the1762188Pt isotopes reflects the co
existence of two configurations with different deformation
as originally predicted by Wood@1#. In this picture, the 02

1

state in 78
182Pt represents the~perturbed! bandhead of a

weakly deformed oblate (b2.20.15) rotational band hav
ing a ‘‘normal’’ four-proton-hole configuration~with respect
to 82

186Pb!, coexisting with a well-deformed prolat
(b2.0.25) ‘‘intruder’’ band based on the two-particle-six
hole ground state. Subsequently, potential-energy-sur
calculations predicted@4,5# that prolate-oblate shape coexis
ence at low spin is a general feature of this mass region
N5104, neutron midshell, the 01 prolate ‘‘intruder’’ band-
,

ce

t

head lies well above the ground state in82
186Pb @31,32# and

80
184Hg @33,34#, whereas it becomes the ground state

78
182Pt, 490 keV below the oblate bandhead. The energy
ference observed in182Pt is in reasonable agreement with th
results of TRS calculations, which predict a prolate-obl
energy difference of 650 keV at zero rotational frequen
~Fig. 5!. The low-spin features of theN5104 band structures
are shown in Fig. 9. Apart from perturbations at low sp
caused by interactions between close-lying states@2# ~see
below!, the energy spacings of the bands which are yr
above spin 4 are quite similar, consistent with the sugges
that these bands have similar ‘‘intruder’’ configurations.

The onset of collectivity and related shape-coexiste
properties have been studied extensively, especially clos
proton closed shells~e.g., Ref.@6#!. In particular, Dracoulis
has noted@35# that some of the low-spin properties of in
truder bands in the Os-Pt-Hg-Pb region may be reprodu
in a simple way by considering separate neutron and pro
FIG. 9. Coexisting band structures at low spin for even-evenN5104 isotones close to theZ582 closed shell. ‘‘Intruder’’ bands are
shown on the left~prolate deformation!, ‘‘normal’’ bands on the right~spherical in Pb, oblate deformation in Hg and Pt!. The data are taken
from the present work and Refs.@33,34# (184Hg! and @32# (186Pb!. The schemes are offset so that the prolate 81 states line up.
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55 1187HIGH-SPIN STATES AND BAND STRUCTURES IN182Pt
shells which interact via a quadrupole neutron-proton fo
acting between pairs of particles~or, equivalently, pairs of
holes!. In this two-component approach, originally sugges
by Heyde and Sau@36#, the 21201 energy spacings ar
governed by the shell filling, giving rise to a simple depe
dence on the number of pairs of valence particles~or holes!.
The model also predicts coexistingJp521 states which are
mixed as a result of the neutron-proton interaction, with
interaction strength given by

V52
kF

2J11 H @NpNn#S 12
Np

Vp
D S 12

Nn

Vn
D J 1/2, ~3!

where k is the strength of the neutron-proton interactio
which varies little with neutron and proton number,F de-
pends on shell-model radial matrix elements and is take
be constant for a given major shell, andVn andVp are the
shell degeneracies for neutron and proton pairs, respectiv
This approach is related to the so-calledNpNn scheme of
Casten and Zamfir@37#, whereby low-spin observables ca
be simply related to the product of numbers of valence n
tron and proton pairs. Note that because the model is c
structed within a shell-model seniority framework, the inte
action between states in a given nucleus is spin depend

With the assumption of coexisting oblate and prola
bands, Dracouliset al. @2# have analyzed yrast and yrare e
citation energies at low spin for even-even1762184Pt and
extracted a spin-independent interaction strength
uVu.200 keV. This value is practically constant as a fun
tion of neutron number~see Fig. 10! and for 182Pt is consis-
tent with recent lifetime measurements by Walpeet al. @38#,
which show an.20% drop in the transition quadrupole m
ment for the yrast band below spin 6\, attributable to the
strong mixing between states brought on by the interact
Interaction strengths have also been extracted by Draco
and co-workers for Pb and Hg@35# and Os@39# nuclei near
neutron midshell; the values forN5104 nuclei are shown in
Fig. 10.

We choose to compare these values to a modified ver
of Eq. ~3!, in which the model dependence on neutron a
proton number of pairs is retained while the spin dep
dence, which arises from specific shell-model assumpti
concerning angular-momentum coupling, is not:

Vs2 i52k8F8H @NpNn#S 12
Np

Vp
D S 12

Nn

Vn
D J 1/2. ~4!

The value ofk8F850.070 MeV was chosen to best repr
duce the extracted interaction strengths for
N5100–108 Pt isotopes and the Os–PbN5104 isotones.
The proton- and neutron-pair shell degeneracies were ta
from the major-shell structure, i.e.,Vp5(82250)/2516 and
Vn5(126282)/2522, respectively. For each nucleus, t
number of proton pairs was taken from the ‘‘normal’’ co
figuration; the number of neutron pairs is the same in ‘‘n
mal’’ and ‘‘intruder’’ configurations in all of these cases. F
example,Np52 andNn511 were used for182Pt. Using ‘‘in-
truder’’ values or an average of ‘‘intruder’’ and ‘‘normal’
values for proton-pair counting results in somewhat differ
best-fit parameters but the overall results are similar.
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As shown in Fig. 10, with the chosen parameters
agreement between experiment and Eq.~4! is reasonably
good. These results suggest that the general picture imp
by such a model, that of coexisting structures having diff
ent particle-hole configurations relative to the proton clos
core, with the interaction-strength properties closely rela
to the numbers of proton and neutron particles~and holes!, is
appropriate for these nuclei. It would be interesting to se
more microscopic approaches can reproduce the extra
interaction strengths, as they are potentially sensitive ind
tors of the detailed structure of these states.

D. g-vibrational states

The g band is observed to 71 and exhibits a clear stag
gering between the odd-spin and even-spin members.
phase of the staggering is consistent with a potential ene
surface which is fairly flat with respect tog deformation but
minimized for a prolate shape@40–42#. This is in general
agreement with the total-Routhian-surface calculatio
which predict that theN<112 Pt isotopes areg soft at low

FIG. 10. Interaction strengths for coexisting band structures
N'104 nuclei as a function of proton number~a! and in the Pt
isotopes as a function of neutron number~b!. The experimentally
deduced values are taken from the work of Dracoulis and
workers, viz.,@35# ~Pb and Hg isotopes!, @2# ~Pt isotopes!, and@39#
~Os isotopes!. In panel ~a!, values for theN5104 isotones are
shown as asterisks while values averaged overN'104 nuclei in
each isotopic chain are shown as filled circles.
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1188 55D. G. POPESCUet al.
spin @4#. Other theoretical approaches, for example, the
namic deformation model@5#, also predict energy-surfac
minima for these nuclei which are relatively flat in theg
degree of freedom, compared to nuclei having lowerZ. Cal-
culated zero-point energies for theA;180 Pt isotopes are
typically 1.0–1.2 MeV@40#, significantly larger than the en
ergy lost or gained when traversing theg plane. In this situ-
ation the~static! shapes at low spin are not well defined a
low-lying g-vibrational states are expected. This is borne
by the systematic trend in excitation energies of theg band,
which for theN5104 Yb–Pt series of isotones gradua
decreases with increasing proton number, falling from 16
keV in 174Yb to its lowest point in182Pt; E(23

1)5667 keV,
within 250 keV of the ground-state band 41 energy. Note
that E(2g

1).E(4gsb
1 ), andE(3g

1).E(4g
1) ~see below!, are

normally associated with a perfectlyg-soft rotor.
The interplay ofg softness and triaxiality in nuclei ha

been investigated by a number of workers, including Cas
et al. @42# who addressed the issue of the energy stagge
between odd- and even-spin members of theg bands in Xe
and Ba nuclei. Their method incorporates triaxial degree
freedom within the interacting-boson-approximation~IBA !
model, by adding a cubic interaction term to the IB
O(6)-limit Hamiltonian. Energies of excited states a
g-ray branching ratios are determined by tw
O(6)-Hamiltonian parameters, often denotedB andC, and
an additional parameteru/B which is associated with the
degree ofg softness. In terms of level energies, the value
u/B affects primarily the above-mentioned odd-even st
gering in theg band.

The odd-even staggering in182Pt is best fit by
u/B50.34, with values ofB andC determined by fitting the
low-spin states in the ground-state band to theO(6)-limit
analytical expression. This value ofu/B can be compared to
zero in the perfectlyg-soft O(6) limit and to 0.86 for
128Xe, a nucleus which also exhibits an odd-even stagge
and has been described as ag-softO(6)-like nucleus. Based
on the results of Castenet al. @42#, u/B50.34 corresponds to
an approximately 350-keV deep minimum in the poten
energy for182Pt as a function ofg deformation. Compared to
theO(6) limit, it also leads to a slight reduction in the ca
culated fluctuations ing, from g rms5(^g2&2^g&2)1/2

.13–15° to 12–14°. Itshould be noted that these resu
are not directly comparable to those from the geometric T
approach. For example, theO(6)-based method, by con
struction, leads to a potential with a symmetric minimum a
triaxial shape (g530°), whereas the TRS calculation d
scribed in Sec. V A leads to a potential with local minima
prolate and oblate shapes (g.0° and660°, respectively, at
zero rotational frequency!. Nevertheless, it is clear that in th
O(6)-like model theg-band energy staggering in182Pt leads
to it being placed in the same category as nuclei such
128Xe, and thus described as veryg soft at low spin.

E. Band crossings at high spin

As shown in Fig. 6, the rotation alignment of a pair
n i 13/2 quasineutrons is predicted to occur at\v'0.30 MeV.
The sharp rise in alignment for band 1 at\v50.32 MeV
~see Fig. 3! can be attributed to this band crossing. The p
sibility of a ph9/2 crossing at\v,0.4 MeV has been raise
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in 184,185,186Pt @12,8,23# but generally not accepted as reaso
able in theA,184 Pt isotopes~see Ref.@11#, for example!.

The other sharp increase in alignment observed
\v'0.3 MeV in 182Pt occurs in band 3. This band is a
signed as one signature partner of then i 13/2^h9/2 configura-
tion, which, since it includes ani 13/2 neutron, blocks the
usualnAB crossing. Ag deformation of210°, though, as
suggested by the TRS calculations, reduces the predi
nBC crossing frequency to\v'0.32 MeV, matching that
seen in experiment. Nevertheless, there is no such alignm
gain in band 4, the signature partner to band 3, be
\v'0.37 MeV. The situation may be similar to that o
served for a similar two-quasineutron configuration
182Os bands 2 and 3, where one signature partner under
a crossing at\v'0.28 MeV, while the crossing in the othe
signature partner is delayed byD\v'0.08 MeV @16#. In
that case no explanation was found.

Band 2 in 182Pt has been assigned a two-quasiproton c
figuration and therefore one expects to observe a neu
i 13/2 crossing similar to that observed in the ground-st
band. It could be argued that the absence of a large al
ment gain in Fig. 3 favors a two-quasineutron assignm
involving the neutroni 13/2 orbital. However, as mentione
earlier, no such configuration can account for the lack o
signature partner and the high alignment at low frequency
is possible that the modest increase in aligned spin for b
2 at \v.0.3 MeV represents the gradual alignment ofi 13/2
neutrons, especially if a different reference were chosen
make the alignment for this band constant at low frequen
This would not change the gradual nature of the increa
though, which is at odds with the sharp increases obser
both in the 182Pt ground-state band and in the analogo
184Pt two-quasiproton band. There is therefore no obvio
explanation for the observed alignment features ab
\v50.3 MeV in band 2.

F. Band 7: yrast-yrare interactions at high spin

Band 7 and its analogues in nearby nuclei have been
ject to several interpretations. A (n i 13/2)

2 BC configuration
has been suggested in the isotone180Os @15#. In 182Os, two
different scenarios have been proposed:~i! a neutronBC
configuration, as just mentioned@24# and ~ii ! a continuation
of the positive-signature branch of theg band@26#. Carpen-
teret al.suggest@12# that at higher frequencies an analogo
band in 184Pt may be composed of a mixture of the lowe
two- and four-quasiparticle configurations within then i 13/2
shell, thus involving both theK59/2 (A,B) and the
K57/2 (C,D) orbitals. There are selected cases where si
lar mixed combinations of high-j orbitals have been consid
ered, e.g.,86Zr (pg9/2

n , mixedK53/2, 5/2) @43# and 108Cd
(ng9/2

n , mixedK57/2, 9/2! @44#. In these instances, howeve
alternative interpretations were scarce and firm conclusi
were not drawn.

Recently, Kutsarovaet al. @16# have suggested yet an
other possibility; that in180Os theBC scenario would give
rise to a so-called ‘‘t band’’ at low rotational frequency
(\v<0.2 MeV!, arising from rotation about a tilted axis. I
both 180Os and182Os, though, an accompanying band wi
positive parity and odd spins has been observed, which
slightly lower in energy than the even-spin band and h
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moderately strongM1/E2 transitions connecting odd- and
even-spin states. This is consistent with CSM calculatio
~cf., Fig. 6!, which predict coupledAC andBC bands which
have modest signature splitting and connectingM1/E2 tran-
sitions. Both the degree of signature splitting and th
B(M1)/B(E2) ratios would be similar to those observed i
the coupledA,B bands in neighboring odd-N isotopes. In the
case of 182Pt, however, no odd-spin partner band has be
found, making aBC assignment for band 7 unlikely.

A different explanation has been put forward in the ca
of 186Pt, where Hebbinghauset al. have suggested@23# that
prolate and oblate structures coexist athigh spin. Subsequent
studies showed this to be an unlikely explanation for yrast
near-yrast bands in lighter Pt isotopes, e.g.,184Pt @12#, sup-
ported by TRS calculations which predict that close to ne
tron midshell oblate structures rapidly become nonyrast w
increasing rotational frequency and spin.

In 180Pt the two positive-parity even-spin bands coexi
over the spin range 121 to 261, which has been interpreted
as an extended interaction between the ground-state b
and then i 13/2

2 AB s band @10#. If true, we would expect
similar features across the chain of Pt isotopes and exp
that the interaction strengths as a function of neutron num
would exhibit the characteristic oscillatory pattern seen f
n i 13/2

2 crossings in other mass regions@45#. Relative excita-
tion energies of the yrare even-spin, even-parity bands in
Pt nuclei for which published data exist are shown in Fig. 1
To varying degrees these structures all approach the y
band at moderate spin and, except in the case of186Pt, are
repelled at higher spin. In a two-band extended mixing a
proach, the interaction strength is at most half the energy g
at closest approach and can be accurately determined
g-ray intensites for transitions connecting the two branch
are known, as is the case for180Pt. In the absence of branch
ing ratios, which is the case for182,184,186Pt, limits on the
interaction strength can be obtained by estimating limits
the unobserved transition intensities. For example, in182Pt
the 825-keV out-of-band and 687-keV in-band transition
de-exciting the 202

1 level are observed but are too weak t
obtain reliable intensities. Nevertheless, we can estimate t
the out-of-band to in-band branching ratio does not exce

FIG. 11. Excitation energies of the yrast and yrare positiv
parity even-spin bands, relative to a rigid-rotor reference, in180Pt
@9#, 182Pt ~present work!, 184Pt @12#, and 186Pt @23#.
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l.4, otherwise the weaker of the two transitions would n
have been observed in our experiment.

The results of such an analysis are shown for1802186Pt in
Fig. 12. Theoretical values have been extracted from C
calculations at fixed deformation, an example of which
shown in Fig. 6. Although some of the experimental valu
are imprecise it can be seen that they approximate the pa
suggested by theory and they clearly differ from the prola
oblate interaction values deduced by Dracouliset al. @2#.
Therefore, we suggest that these yrare branches represe
complement of the yrast ‘‘vacuum’’ configuration observ
over the spin range in which the neutrons band crosses the
ground-state band. A similar explanation has been advan
@46# regarding yrare band structures in the odd-proton nu
175Re and177Ir. Such states are expected theoretically@45#
but are usually not observed. As mentioned above, it is p
sible that the explanation forN>108 may not be this simple
the two bands in186Pt converge rapidly up to a certain spi
I'16, but above that their trajectories are similar. As d
cussed by Hebbinghauset al. @23#, a change from prolate to
oblate shapes in the low-lying states of the Pt isotopes oc
at N'110, and it is possible that oblate states influence
high-spin structure atN5108 already.

G. Interaction between bands 2 and 5

InterbandE2 transitions are observed linking~152) and
~132) states in bands 2 and 5. A similar situation occurs
184Pt @12#, where a 6.3-keV interaction strength has be
measured between the two close-lying 132 states. The smal
value is interpreted as being due to the significant struct
differences between the two configurations. A precise va
of the mixing in 182Pt cannot be obtained, due to contam
nant transitions and the fact that the~152) and ~132) pairs
of states both appear to be mixed, lying 63 and 50 keV ap
respectively. Within the standard two-band mixing approa
the interaction strength must be less than or equal to half
smallest energy gap between states of like spin and pa

-
FIG. 12. Interaction strengths between yrast and yrare posit

parity bands at high spin in the Pt isotopes nearN5104. The ex-
perimentally deduced values are discussed in the text. Theore
predictions for interacting ground-state andn i 13/2

2 s bands were ex-
tracted from Woods-Saxon CSM calculations~see caption to Fig.
6!. For comparison, interaction strengths for shape-coexisting ba
at low spin are shown, as deduced by Dracouliset al. @2#.
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i.e., uVintu<25 keV. As in 184Pt, it is suggested that bands 5
and 3/4 in 182Pt have very different quasiparticle configur
tions and are expected to interact little.

VI. SUMMARY

The level structure of182Pt has been studied to high sp
with heavy-ion reactions andg-ray spectroscopic technique
Nine band structures, seven of which are rotational ba
associated with a prolate shape, have been placed in a
scheme which extends to approximately 7 MeV in excitat
energy and~27\) in spin. Their configurations can be ex
plained by comparison to Woods-Saxon cranked-shell-mo
calculations, to band structures observed in nearby nu
and, in the case of the strongly coupled bands 3,4 by t
characteristicB(M1)/B(E2) ratios. For even-even nucle
close to182Pt, the low-spin energy systematics of bands b
upon the ground state and the first excited 01 state and the
interactions between those bands, appear to be well
scribed within a shape coexistence framework involv
‘‘normal’’ proton hole states and ‘‘intruder’’ proton particle
ce
-
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hole states, relative to theZ582 closed-shell core. At highe
spin, a ground-state band crossing at\v.0.32 MeV has
been attributed to the rotational alignment of a pair ofi 13/2
quasineutrons, in agreement with theory. However, it see
difficult to explain the lack of related band crossings in so
of the sidebands, notably bands 2 and 4. The characteri
of the yrare positive-parity even-spin bands in180,182,184Pt
and possibly186Pt suggest they represent the complemen
the ‘‘vacuum’’ configuration, observed through the groun
s-band crossing, i.e., in each case they are the higher-ly
branch of two bands interacting with significant strength.
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@46# R.A. Bark, S.W. O” degård, R. Bengtsson, I.G. Bearden, G.B
Hagemann, B. Herskind, F. Ingebretsen, S. Leoni, H. Ryde
Shizuma, K. Stra¨hle, P.O. Tjo”m, and J. Wrzesinski, Phys. Rev
C 52, R450~1995!.


