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Levels of 187Au: A detailed study of shape coexistence in an odd-mass nucleus
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The decays of187Hg ~2.2 min; Jp513/21) and 187Hg ~2.4 min; Jp53/22) have been studied with mass-
separated sources at the UNISOR facility. Multiscaled spectra ofg rays, x rays, and conversion electrons, as
well asggt, gxt, egt, andext coincidences were obtained. Decay schemes have been constructed incorpo-
rating .99% of the decay intensities assigned to the high-spin and low-spin decays. Theg-ray gated
conversion-electron spectra permitted determination of 367 conversion coefficients. A variety of coexisting
band structures are established in187Au. Some of these have near-identical analogs in the heavier odd-mass Au
isotopes. The remaining bands reveal new degrees of freedom at low excitation energy in187Au. Nine electric
monopole (E0! transitions are observed to deexcite members of these new bands. The work represents an
undertaking to achieve a benchmark incompletespectroscopy following radioactive decay. The most notable
band structure in187Au has two bands with identical spins, nearly identical relative energies, and electric
monopole transitions connecting thefavoredmembers. These bands can be understood asph9/2 and p f 7/2

intruder configurations coupled to coexisting prolate or near-prolate (g < 20°) cores having diabatic configu-
rations that differ only in the number of protons occupying theN55 intruder configurations.
@S0556-2813~98!02408-X#

PACS number~s!: 21.10.Re, 21.60.2n, 23.20.2g, 27.70.1q
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I. INTRODUCTION

The nuclei in the far-from-b-stability region defined by
Z>78,N<108 have become the most extensively charac
ized region of low-energy shape coexistence known~see,
e.g.,@1–3#!. The Au (Z579) isotopes in this region, in par
ticular, have been the subject of recent radioactive de
studies@4–6#, in-beamg-ray spectroscopy studies@7–11#,
atomic hyperfine spectroscopy studies@12–14#, and low-
temperature nuclear orientation studies@15#. In broad terms,
the basic features of the shape coexistence in the Au isot
have been elucidated@5,6,16#. However, detailed studies o
the shape coexistence in the Au isotopes have been lac
The present study describes a detailed experimental and
oretical investigation of the low-lying low-medium spi
states in187Au. ~Some selected details of the present stu
have already been reported@17#.!

The nucleus187Au has been studied previously by radi
active decay@18–22# and by in-beamg-ray spectroscopy
@7,9,10,23#. There are also atomic-beam magnetic resona
data@24# and, as noted, atomic hyperfine spectroscopy in
mation@12,13# that establish the187Au ground-state spin and
magnetic moment. The main features of187Au have been
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discussed in terms of the systematic trends seen in
heavier odd-mass Au isotopes@6# and in terms of a pattern o
E0 transitions which is common to185Au and 187Au @5#.
Besides the much higher statistics of the present study c
pared to the previous studies@18–22# of 187Hg b decay, we
made a dedicated study of theb decay of the low-spin
(T1/252.4 min, Jp53/22) ground state187Hg. This latter
experiment entered theA5187 mass chain at187Tl which
decays predominantly@25,26# to the low-spin 187Hg
b-decaying state.

A major goal of the present study was completeness,
identifying all levels up to a given excitation energy an
spin/parity in 187Au. We focused on this issue in a rece
study @4# of 189Au. The situation is similar in187Au, and
both 189Hg and187Hg exhibit high- and low-spinb-decaying
isomers which populate states in the spin range 1/2<J
<17/2. Completeness is crucial for establishing systema
between stability-line nuclei, where detailed spectrosco
information is available, and nuclei far fromb stability. A
major motivation for the recent study@4# of 189Au was to
establish a systematic base for the present investigatio
187Au. The present theoretical studies play a crucial role
this respect: they confront the detailed experimental le
scheme with a reliable picture of the density of states, a
conversely, the detailed level scheme unequivocally dicta
the shape coexisting degrees of freedom in the descriptio
187Au.

,
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FIG. 1. A portion of theg-ray ~a! and conversion-electron~b!
spectra, from the187Hgm→187Au experiment, analyzed by the cod
SAM @29#. Peak energies are given in keV. The conversion-elec
energies are shifted by the AuK-shell binding energy of 80.7 keV
so that the Aug-ray andK-shell conversion-electron energies a
aligned. The fit resulted in 30g-ray peaks compared to a detaile
coincidence analysis which revealed 45 transitions in this ene
region.

FIG. 2. A portion of background-subtracted gated and unga
conversion-electron andg-ray spectra, from the187Hgm→187Au ex-
periment, showing the 388.2 and 334.8 keV transitions. T
388.2 keV transition hasM1(1E2) multipolarity with a sizableE0
component, which can be compared to the 334.8 keV transition
hasE2 multipolarity.
II. EXPERIMENTAL PROCEDURE

Mass-separated samples of187Hgm were produced by the
176Hf ( 16O,5n) reaction with subsequent mass separation
line with the University Isotope Separator at Oak Rid
~UNISOR!. The reaction was initiated by bombarding a Hf
target (176Hf enrichment 76%! with 125 MeV 16O61 ions at
the Holifield Heavy Ion Research Facility~HHIRF! in Oak
Ridge, Tennessee. Mass-separated samples of187Hgg were
obtained from the radioactive decay of187Tlm,g ~15 s, 51 s!
following the 176Hf ( 19F,8n) reaction and mass separatio
using the UNISOR separator. The reaction was produced
bombarding the HfC target with 170 MeV19F81 ions. Tar-
gets were bombarded in the UNISOR ion source@27#.
Sources were collected on a tape and moved by a com
tape transport system@28# to detector stations. Conventiona
g-ray and conversion-electron multiscaling andggt, egt,
gxt, andext coincidence spectroscopy were carried out
ing large volume Ge~Li ! detectors and a liquid N2-cooled
3 mm3200 mm2 Si~Li ! detector. The coincidence data we
recorded event by event on magnetic tape, along with
time delay between the two energy pulses. The tapes w
scanned subsequently for selected energy and time g
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FIG. 3. Background-subtracted gates on the 203 keV~top! and
the 252 keV~bottom! transitions, from thegg coincidence data
from the 187Hgm→187Au and 187Hgm,g→187Au experiments, respec
tively. The 392 and 579 keV transitions depopulate levels with sp
parities 3/21 and 3/22, respectively, and are stronger in th
187Hgm,g→187Au experiment while the 470 and 363 keV transitio
depopulate levels with spin/parities 9/21 and 9/22, respectively,
and are stronger in the187Hgm→187Au experiment.
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PRC 58 773LEVELS OF 187Au: A DETAILED STUDY OF SHAPE . . .
The systems were calibrated for energy and intensity og
rays with an absolutely calibrated mixed source~containing
125Sb, 154Eu, and 155Eu!, and for energy and intensity o
conversion electrons with a mixed133Ba-207Bi source. Typi-
cal source-to-detector distances were 1 cm, and 180° co
dence counting geometries were used. The time-to-ampli
converter~TAC! spectra for both thegg andge coincidence
measurements exhibited a full width at half maximu
~FWHM! of '20 ns. Time gates were set with'100 ns
widths, resulting in true-to-chance ratios>32:1 for thegg
coincidences. Gamma-ray spectra covered the range
2470 keV. Conversion-electron spectra covered the range
1600 keV. Further details can be found in@25#.

III. EXPERIMENTAL RESULTS

In Fig. 1~a!, a portion of theg-ray singles spectrum fo
187Hgm is shown for the energy range 587–665 keV tak
with a detector which had a resolution of 1.9 keV FWHM
1333 keV. In Fig. 1~b!, a portion of the conversion-electro
singles spectrum for187Hgm is shown covering the energ
range 506–584 keV taken with a cooled 3 mm3200 mm2

Si~Li ! detector ~resolution 1.9 keV FWHM at 975 keV!.
These spectra were accumulated from 832 sources, ea
which was collected for 99 s. The only contaminating lin
seen in the spectra are from the daughter decays187Au
~8.4 min!, 187Pt ~2.35 h!, and 187Ir ~10.5 h!, together with
background. These lines were identified using multisca
data,gg, gx, eg, andex coincidences, and comparison wi

FIG. 4. Five different background-subtracted gates, from
187Hgg→187Au experiment, showing different members of th
271 keV multiplet.
ci-
de
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n
t
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information in Nuclear Data Sheets@30#. The strongest sum
peak in the Ge~Li ! detector, from the 233.4 keV an
334.8 keV coincidentg rays, is'4% of the 334.8 keVg-ray
intensity. At the level of precision reported for relative inte
sities in this work, summing has a negligible effect. No su
ming was seen in the Si~Li ! detector.

Spectra for187Hgg were accumulated from 1325 source
each of which was collected for 120 s. Because the187Hgg

production was achieved via187Tlm,g ~51 s, 16 s! b1/EC de-
cay, contamination from this decay occurred. Also, dire
production of187Hgm occurred via the176Hf( 19F, p7n) reac-
tion. Lines from187Tlm,g decay were identified by comparin
spectra taken at two sequential counting stations; i.e., e
source was counted for 120 s at ‘‘station 1’’ and then mov
to ‘‘station 2’’ where it was counted for 120 s~while the next
source was being counted at station 1!. Comparison of187Tl
lines, so identified, was made with data from a separate
periment@26#. The 187Hgm lines were straightforwardly de
convoluted from the187Hgg spectrum. Summing was simila
to that observed in the187Hgm spectra.

Representative spectra from theggt and egt coinci-
dences are shown in Figs. 2 and 3. Figure 3 also shows
difference between spectra from187Hgm and 187Hgg decay
using the same gating transition. This will be discussed la
The ggt coincidences were taken at counting station 2 a
theegt coincidences were taken at counting station 1. It w
possible to identify x-ray lines uniquely in nearly all coinc
dence gates, providing a confirmation of our assignment og
rays and conversion electrons to187Hgm,g→187Au decays.

e

FIG. 5. Running gate across the 284 keVg rays ~upper! and
284K ~203 keV! conversion electrons~lower!, done on the data
from the 187Hgg→187Au experiment. The 277 keV transition wa
chosen as a ‘‘response’’ transition for the plots. Each point in
plot represents the area~counts! of the 277 keV transition, taken
from a one-channel gated spectrum. The one-channel windows
across the 284 keV transition in theg-ray and conversion-electron
spectra. The peak at lower energy than the 284K-277 coincidence
relation arises from the indirect coincidence between the 205.4
M -shell conversion electrons and the 276.6 keVg rays~through the
130.4 keV transition!. The bottom part of the figure shows the sam
response forg-gated gammas, where the 205-277 relation canno
seen because of the chosen energy range.
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774 PRC 58RUPNIK, ZGANJAR, WOOD, SEMMES, AND MANTICA
Spurious events due to Compton backscattering and s
ming were identified and eliminated. Coincidence intensit
were extracted for all lines seen in the selected coincide
gates. The extraction of coincidence intensities was esse
because of the complexity of the decays. For example, Fi
shows evidence for a 271.5 keV quintuplet. In fact, the
ergies and intensities ofg-ray and conversion-electron line
obtained from the analyses of the singles spectra wer
limited use because of this complexity. For example, in
energy range depicted in Fig. 1, spectrum fitting resulted
30 g-ray lines, whereas analysis of the coincidence d
identified 45g-ray lines in this energy range. Further, ma
lines from 187Hgm,g→187Au are doublets with lines from
187Au→187Pt. The singles data were primarily used to est
lish overall relative intensities of the strongest lines.

Another method in the coincidence analysis used to se
rate multiplets is that of ‘‘running gates’’@25#. For example,
in a two-dimensional array, one runs a one-channel g
along one axis~spectrum A! and thus scans a peak of intere
to generate a coincidence spectrum~spectrum B!. The area
~counts! of the ‘‘response’’ line in spectrum B, which is in
coincidence with the specified coincident peak in spectr
A, is then determined for each of the gated spectra and p
ted as a function of the energy of the gate channel fr
spectrum A. For example, in Fig. 5, gates were ‘‘run’’ acro
the region containing a line at 284 keV in spectrum A a
the area~counts! of the 277 keV transition in spectrum B fo
each gate were plotted as a function of the gate energy. T
the image of the peak in spectrum A, which is in coinciden
with a given peak in spectrum B, was generated. This w
done for bothget and ggt data. This method can extrac
accurate internal-conversion coefficientsaK from complex
spectra~cf. Fig. 5!. The 284 keV gamma line is not a single

FIG. 6. Plot of the running gate across the energy of 449 k
with the area of the total 525 keV peak as a response trans
~upper part! and the area of the 642 keV peak as a response tra
tion ~lower part!. The upper plot reveals two pairs of coincide
transitions while the lower plot has only one.~The 449.0 keV line in
coincidence with the 525 keV transition is due to the same tra
tion as the 449.2 keV line in coincidence with the 642 keV tran
tion: the energy difference results because the line fits are inde
dent and it reflects the errors in the method.!
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Careful coincidence analysis reveals that the 284 k
gamma line is a triplet in187Au, and is also contaminated b
284 keV transitions from187Hg, 187Pt, and 187Ir. The run-
ning gate technique removes all transitions from the mul
let peak at the gate energy except the one that is in coi
dence with the response line~277 keV in this case!. As a
result, it was possible in this case to obtain sufficient pre
sion inaK so that the 284 keV transition in coincidence wi
the 277 keV line could be identified asE01M1(1E2). An-
other example of a running gate is shown in Fig. 6. T
shows the existence of the coincidence doublet 448.3/52
and 449.2/524.5 keV, which is discussed later.

The vast majority of conversion-coefficient measureme
were obtained from a comparison ofg-gated gamma and
g-gated electron spectra@25#. An example is presented in
Fig. 2, which shows a portion of gated~top two spectra! and
ungated~bottom two spectra! g-ray and conversion-electro
spectra. Note that by gating both theg-ray and conversion-
electron spectra with the 233 keV transition, one can extr
relative conversion coefficients for the 334.8 and 388.2 k
transitions. In this case, it is determined thataK50.05~1! for
the 334.8 keV transition andaK50.96~11! for the 388.2 keV
transition. Normalization of the conversion-electron spec
was done using the 233.4 keV transition seen in beam
assigned as a 13/22→9/22 yrast transition@8–10#. ~The
present work uniquely confirms its placement.! Thus, the
normalization uses the theoretical@31# E2 aK for the
233.4 keV transition. The theoretical value foraK for anE2
transition at 334.8 keV is 0.05~indicating pureE2 multipo-
larity for this transition! and the theoretical value foraK for
an M1 transition at 388.2 keV is 0.14~cf. above!; therefore,
the 388.2 keV transition has anaK value which is 6 times
larger than the theoretical value forM1. Since prompt coin-
cidences are inconsistent with transitions of high multipol
ity ( M2, E3, etc.!, a sizableE0 component must be prese
in the 388.2 keV transition. In this way, transitions conta
ing E0 enhancement are identified. The two lower plots
Fig. 2 are presented to show the advantage of gated sp
compared to the ungated coincidence spectra. In orde
obtain accurate intensities and therefore accurate inter
conversion coefficients, more than 2000 gates were extra
in this analysis.

The heavy-ion reactions used in the two experiments p
duced both ground (I p53/22) and metastable (I p513/21)
states of the 187Hg nucleus, which each decay throug
b1/EC to the states of187Au. Since there is no isomeric
transition~13/21→3/22), the relative intensity of a specific
transition in187Au is the sum of the intensities resulting from
the concurrent187Hgg and 187Hgm EC/b1 decays. Relative
amounts of 187Hgg and 187Hgm produced in each reactio
can be roughly expressed using the intensity of two tran
tions: 233.4 keV as a high-spin signature and 203.4 keV a
~predominantly! low-spin signature. If the relativeg-ray in-
tensity for the 233.4 keV transition is normalized to a 1
units in both reactions, the 203.4 keV transition has a rela
g-ray intensity of 47 units in the experiment using 170 Me
19F and 12 units in the experiment using 125 MeV16O on
176Hf, respectively. The procedure to separate transition
tensities is relatively straightforward and is presented in
tail in Ref. @25#.
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TABLE I. Gamma and electron intensities in187Au for 187Hgg decay. An asterisk indicatesI g(203.4)5100; note 1
is s1/2% d3/2% d5/2 bands, note 2h11/2 bands, note 3h9/2% f 7/2 bands, and note g only in187Hgg decay; T is total intensity;
L12 is the conversion coefficient for L12-shell electrons; and R indicates the running gate method.
t
th
g
th

i-
The data presented here for187Au represent only a subse
of the observed levels and transitions. A specification of
energy ‘‘cutoff,’’ above which levels and their depopulatin
transitions are not shown, is stated in the captions for
decay schemes~Figs. 7–13!. The omitted levels and trans
tions are given in Ref.@25#.
e

e

Tables I and II list the transition energiesEg , the sepa-
rated relativeg-ray intensitiesI g , the conversion-electron
intensities I e , experimentalK-shell ~and someL-shell!
internal-conversion coefficientsaK , theoretical internal-
conversion coefficients forE2, E1, and M1 multipolarity
from Rösel et al. @31#, assigned multipolarities, initial and



776 PRC 58RUPNIK, ZGANJAR, WOOD, SEMMES, AND MANTICA
TABLE I. ~Continued!.
th
.
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r to
final state spins, and initial and final state energies for
transitions from the187Hgg and 187Hgm decay, respectively
In the 187Hgg decay, all intensities are given relative to th
g-ray intensity of the 203.4 keV transition~100 units!, and in
the 187Hgm decay all the intensities are given relative to t
g-ray intensity of the 233.4 keV transition~100 units!. The
error in the last reported digits of the intensity is given by t
numbers in parentheses.

A comparison of the present results for the187Hgg,m de-
cay and the work of Bourgeoiset al. @18# and Grimm@19# is
restricted by the fact that neither of these other studies s
rated the two decays, as is done here. Also, while we h
identified 526 transitions and 228 levels in187Au, Bourgeois
et al. identified only 71 and 34, respectively, and Grimm 1
and 96, respectively. The nuclear Data Sheets forA5187
e

a-
e

@30# base their187Hg decay scheme on the work of Bou
geoiset al. @18#.

IV. DECAY SCHEMES

A partial decay scheme for 2.4 min187Hgg→187Au is pre-
sented in Figs. 7–9. Its construction relies almost complet
on the coincidence data. In total, we have established exc
states up to an energy of 2525 keV in187Au from the 187Hgg

b decay. Levels above 1300 keV~42 of them! and their cor-
responding depopulating transitions~79 of them! are not
shown in Figs. 7–9; they can be found in Ref.@25#. Approxi-
mately 99% of the total observed decay intensity has b
assigned. Except for several levels that are fed directly byb
decay and which depopulate directly to the ground state o
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TABLE II. Gamma and electron intensities in187Au for 187Hgm decay. An asterisk indicatesI g(233.4)5100,note

1 is s1/2% d3/2% d5/2 bands, note 2h11/2bands, note 3h9/2% f 7/2 bands, and note m only in187Hgmdecay; T is total
intensity; L12 is the conversion coefficient for L12-shell electrons; and R indicates running gate method.
s
a

ed
in

to

ls
the 120.5 or 223.9 keV levels@isomeric withT1/252.3 s@20#
and 48~2! ns @21#, respectively# all assignments of transition
and levels in the scheme are supported by coincidence d
with the individual transition intensities being determin
from the gg and eg coincidence data. Transitions not
ta,

coincidence with any other transition are assumed to go
the ground state or to the 120.5 keV (Jp59/22) or
223.9 keV (Jp511/22) isomeric states.~Transitions to the
ground state,Jp51/21, generally depopulate low-spin leve
while transitions to either of the isomeric states,Jp59/22
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TABLE II. ~Continued!.
ar

is

of
eV.

2

and 11/22, mostly depopulate higher-spin levels.!
Figure 7 shows the decay scheme~below 1300 keV! for

the level structure of thes1/2% d3/2% d5/2 bands in187Au ob-
served through the187Hgg decay. UsingaK.aK

M1,th as an
indicator for anE0 component, the two transitions with cle
E0 components~387.7 and 391.9 keV! and three for which
E0 is suggested~398.3, 575.8, and 791.0 keV! connect struc-
tures in thes1/2% d3/2% d5/2 bands. The scheme of Bourgeo
et al. @18# up to a spin/parity of 7/21, although it is much
less complete, agrees with our work with the exception
two levels. The exceptions are the levels at 496 and 968 k
Bourgeoiset al. @18# assign a probable spin/parity of 5/21 to
the 496 keV level, while we assign it to be 7/21. They
missed the fact that the 476 keV transition to the 3/1
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TABLE II. ~Continued!.
rit
s

se
n

let
.
be
level at 19.5 keV is part of a triplet~not doublet! and that an
interfering 478 keV transition has anE0 component. The
other level improperly assigned, at 968 keV, has spin/pa
11/21 according to our data~and, consequently, is shown a
such in Fig. 10!, whereas Bourgeoiset al. @18# assign 7/21.
A possible reason for their error could be that they mis
the fact that the 472.8 keV depopulating transition is co
y

d
-

taminated by a relatively strong187Pt transition at 471.4 keV
theK-conversion electrons of which are part of the multip
at 473 2Bk

Z579 keV for 473 Au K-conversion electrons
Levels and depopulating transitions above 995 keV can
found in Ref.@25#.

Figure 8 shows the decay scheme~below 1300 keV! for
the level structure of theh11/2 bands in 187Au observed
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TABLE II. ~Continued!.
e

o

through the 187Hgg decay. The strongest transition in th
figure †103.4 keV, 11/22→9/22 with T1/2548~2! ns @21#‡
connects the bandheads of theh11/2 andh9/2% f 7/2 structures.
A few transitions withE1 multipolarity which connect levels
in the h11/2 band with levels in thes1/2% d3/2% d5/2 structure
are also shown. There are no experimentally observed cr
feeding transitions ofE2 or M1 multipolarity between this
ss-

structure and theh9/2% f 7/2 band structure.
Figure 9 shows the decay scheme~below 1300 keV! for

the level structure of theh9/2% f 7/2 bands in187Au observed
through the187Hgg decay. Two transitions withE0 compo-
nents ~284.5 and 270.9 keV, 5/228→5/22 and 1/228
→1/22, respectively! connect the h9/2% f 7/2 and (h9/2
% f 7/2)8 structures. The 101.0 keV transition~with an E3
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TABLE II. ~Continued!.
d
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multipolarity andT1/252.3 s@20#! from the 120.5 keV level
connects the 9/22, h9/2% f 7/2 bandhead, with the
s1/2% d3/2% d5/2 structure. Bourgeoiset al. @18# did not estab-
lish any of the levels shown in Fig. 9 except the bandhea
120.6 keV with spin parity of 9/22.

A partial scheme for the decay of187Hgm is presented in
Figs. 10–13. The criteria for its construction are the same
those for the187Hgg→187Au scheme. In total, we have es
tablished excited states up to an energy of 2633 keV in187Au
from the 187Hgm b decay. Levels above 1931 keV~60 of
them! and their corresponding depopulating transitions~119
of them! are not shown in Figs. 10–13. These can be fou
in Ref. @25#. Approximately 99% of the total observed dec
intensity has been assigned.

The proposed level structure~below 1605 keV! of the
s1/2% d3/2% d5/2 bands in187Au, observed through the187Hgm

decay, is shown in Fig. 10. Beside the differences alre
mentioned in the187Hgg decay, this scheme is far more com
plete than that of Bourgeoiset al. @18#, which reported only
15 levels. Additionally, all the levels at and below sp
19/21 seen in the in-beam study@10# are observed in this
work.

The proposed level structure~below 1931 keV! of the
h11/2 bands in187Au, observed through the187Hgm decay, is
presented in Fig. 11. Two transitions withE0 components
~657.3 and 437.9 keV, 11/228→11/22 and 13/228→13/22,
respectively! connect levels of the bands built on theh11/2
at

s

d

y

andh11/28 configurations. The greatest difference between t
scheme and that of Bourgeoiset al. @18# involves an example
of coincident pairs of transitions with nearly the same e
ergy: 448.3/525.4 keV and 449.2/524.5 keV. The relat
g-ray intensities of 4.0, 24, 26, and 3.5, respectively,
these transitions, as well as their closeness in energy, is
that they appear as single peaks. Consequently, the only
to separate these pairs is with the running gate method.
results are presented in Fig. 6 where the running gate an
sis shows that the association of coincident pairs is 52
449.2 between the 1197.6, 673.4, and 223.9 keV levels,
448.3/525.4 between the 1197.6, 749.3, and 223.9 keV
els. The placement of these four transitions between
1197.6 and the 223.9 keV levels is only consistent with
spin/parity of 11/22 for the level at 1197.6 keV, rather tha
~17/22) as indicated by Bourgeoiset al. @18#. These levels
are important since they are involved with the lower porti
of bands observed by in-beam spectroscopy. In the in-be
data, one study@10# had the band entirely wrong, and th
other study@9# had the band partially correct. Another di
ference between these results and theb-decay data of Bour-
geoiset al. @18# is the spin/parity of the 881 keV level~we
have 11/22; they have 13/22). Not only must the 881 keV
level be 11/22 from the analysis of the multipolarity of the
feeding and depopulating transitions, but the strongE0 com-
ponent in the 657 keV transition demands that it be so. Wh
a careful analysis of the coincidence data reveals itsE0 char-
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FIG. 7. Proposed level structure of thes1/2% d3/2% d5/2 bands in187Au as a result of the187Hgg decay. Levels between 0 and 994 keV a
shown. The width of the arrow is proportional to the total intensity of a transition. A solid circle indicates a definite coincidence r
while the open circle indicates a weaker one. Transition and level energies are given in keV. Numbers above the arrow are transitio
total intensity~with the error in last digits in parentheses!, and multipolarity of a transition. Levels closer than 11 keV are drawn to be 11
apart. An additional 50 transitions and 28 levels, up to 2525 keV, can be found in Ref.@25#.
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acter@aK50.069~11! vs 0.036 forM1 ~theory!#, one can see
even in Fig. 1 that one of the transitions at that energy m
have a sizableE0 component. A difference with the in-bea
data of Bourgeoiset al. @10#, for the levels with spin not
greater than 19/2, is the spin/parity of the 1316 keV lev
which we assign17/22 rather than 19/22. This assignment
is in agreement with the in-beam results of Johanssonet al.
@9#.

Figures 12 and 13 show the decay scheme~below
1591 keV! for the proposed level structure of theh9/2% f 7/2
andi 13/2 bands in187Au observed through the187Hgm decay.
Three out of five transitions withE0 components observed i
the h9/2% f 7/2 structure~322.9, 388.2, and 478.1 keV, 9/228
→9/22, 13/228→13/22, and 17/228→17/22, respectively!
are associated with the187Hgm decay. These transitions con
nect levels of the bands built on theh9/2% f 7/2 and (h9/2
% f 7/2)8 configurations. Transitions withE1 multipolarity
~768.0, 625.0, 501.9, 305.4, and 292.1 keV! connect thei 13/2
bandhead at 1121.8 keV to levels of theh9/2% f 7/2 structure.
The nexti 13/2 band member~17/21 at 1380.8 keV! is con-
nected to theh9/2% f 7/2 structure throughE1 transitions
~692.1, 564.8, and 387.5 keV! and to the i 13/2 bandhead
through anE2 transition of 259.2 keV. The in-beam work o
Bourgeoiset al. @10# gives two possible spin values for th
band which they label #5. This is the structure that cor
sponds to our excited band built on the 9/28 level. They@10#
base their spin/parity assignments on ‘‘the character of
st

l,

-

e

highly-converted transitions between band #5 and band
being M1 with an anomaly in the conversion coefficient
Through analysis of the feeding and depopulating transiti
our work confirms the spin/parity assignments reported
the work of Zganjaret al. @32#. Among interband transitions
there are fiveE0-enhanced transitions, not anomalousM1
transitions as Bourgeoiset al. @18# reported. These
E0-enhanced transitions demand the spin/parity sequenc
reported in our scheme, which actually agrees with
higher values of the spin/parity reported in the in-beam d
of Bourgeoiset al. @10#.

Separated schemes of187Hgg and 187Hgm decays reveal
quite different parts of the187Au structure. The 203.4 keV
transition is the strongest in the187Hgg (Jp53/22) decay,
while the 233.4 keV transition is the strongest in the187Hgm

(Jp513/21) decay. The decay of the187Hg 3/22 ground
state reveals 62 mostly low-spin levels in187Au, connected
by 171 transitions. The decay of the187Hg 13/21 isomer
reveals 148 mostly high-spin levels in187Au, connected by
362 transitions. Out of these, 16 levels and 42 transitions
common to both decays. Different aspects of the187Au struc-
ture, revealed by the separated 3/22 or 13/21 decays, can be
seen in Fig. 3 where a portion of the spectrum from ea
decay is shown with the same gate. In general, transiti
that depopulate low-spin levels~such as 392 and 579 keV!
are stronger in the upper section of each gate, while tra
tions that depopulate high-spin levels~such as 470 and
363 keV! are stronger in the lower section.
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FIG. 8. Proposed level structure of theh11/2 bands in187Au as a
result of the 187Hgg decay. Levels between 0 and 1260 keV a
shown. An additional three transitions and three levels, up
2179 keV, can be found in Ref.@25#. See caption to Fig. 7 for
details.
Data such as that presented here for the decay of187Hgm,g

to levels in 187Au can play a unique role in determining th
low-spin structure, especially the parity, of bands obser
by in-beam spectroscopy where only the yrast states rec
appreciable population. We present, in Figs. 14 and 15,
parts of the structure based onp11(h9/2% f 7/2), p21h11/2,
and p21(s1/2% d3/2% d5/2), which are common to both the
in-beam data and the data obtained here by radioactive d
of 187Hgm,g. Our relative transition intensities, as well a
level energies and spin/parity assignments, are drawn in
form used in the in-beam data, for easier comparison.
two values for the possible spin assignments for the par
the structure assigned as band #5 in@10# are uniquely de-
fined in ourp11(h9/2% f 7/2) decay scheme~the leftmost se-
ries of levels and transitions in Fig. 14!. The rest of the
structure presented in Fig. 14 shows our analog of the
maining parts of the in-beam data@9,10# for this configura-
tion.

The upper part of Fig. 15 shows the band structure b
upon thep21h11/2 configuration and the lower part of th
figure shows the band structure built upon thep21(s1/2

% d3/2% d5/2) configuration, which are common to our resu
and those of the in-beam data@9,10#. Our p21h11/2 structure
differs on a few points with the in-beam data@10#, in that the
strong 449.2 and 525.4 keV transitions and the weaker 44
and 524.5 keV transitions have been properly assigned
this work as a result of the running gate analysis. T
p21(s1/2% d3/2% d5/2) level structure presented in Fig. 1
shows that the low-spin part of the in-beam data@10# for this
configuration has been correctly defined.
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FIG. 9. Proposed level struc
ture of the h9/2% f 7/2 bands in
187Au as a result of the187Hgg de-
cay. Levels between 0 and
1291 keV are shown. The actua
total intensity of the 101.0 keV
transition is 10 times the width
drawn. The intensity of the
51.2 keV transition in the low-
spin structure could not be foun
using gated spectra, and so th
transition is drawn without width
~white arrow!. An additional 23
transitions and 11 levels, up to
2323 keV, can be found in Ref
@25#. See caption to Fig. 7 for de
tails.
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FIG. 10. Proposed level structure of thes1/2% d3/2% d5/2 bands in187Au as a result of the187Hgm decay. Levels between 0 and 1605 ke
are shown. An additional 26 transitions and 13 levels, up to 2346 keV, can be found in Ref.@25#. See caption to Fig. 7 for details.

FIG. 11. Proposed level struc
ture of theh11/2 bands in187Au as
a result of the187Hgm decay. Lev-
els between 0 and 1418 keV ar
shown. An additional 32 transi-
tions and 19 levels, up to
2625 keV, can be found in Ref
@25#. See caption to Fig. 7 for de
tails.
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FIG. 12. Proposed level structure of theh9/2% f 7/2 bands in187Au as a result of the187Hgm decay. Levels between 0 and 1127 keV a
shown. The total intensity of the 101.0 keV transition is 10 times the width drawn. See caption to Fig. 7 for details.

FIG. 13. Proposed level structure of theh9/2% f 7/2 bands in187Au as a result of the187Hgm decay. Levels between 0 and 1591 keV a
shown. Additional 60 transitions and 28 levels, up to 2633 keV, can be found in Ref.@25#. See caption to Fig. 7 for details.
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V. DISCUSSION AND COMPARISON WITH THEORY

A major goal of the present work is to locate and char
terize, as completely as possible, new low-energy collec
structures that intrude into the systematic patterns of st
established in heavier neighboring nuclei. Our recent st
@4# of 189Au summarizes these systematic patterns and
vides an extensive base for comparison with the presen
sults. The following discussion is a natural continuation
the previous work and additional details and references
be found there@4#.

Calculations have been performed with the particle1 tri-

FIG. 14. A part of thep11(h9/2% f 7/2) structure in187Au that
corresponds to the lower-spin part of the in-beam data@10,9#.

FIG. 15. Top: a part of thep21h11/2 structure in 187Au that
corresponds to the lower-spin part of the in-beam data@10,9#. A few
differences are explained in the text. Bottom: a part of
p21(s1/2% d3/2% d5/2) structure that corresponds to the lower-sp
part of the in-beam data@10# and agrees with it.
-
e
es
y

o-
e-
f
anaxial rotor model~PTRM! @33# using a Woods-Saxon poten
tial for the deformed mean field. The same potential has a
been used to describe the neighboring even-even Pt and
nuclei @34# as well as single-proton bandheads in this reg

FIG. 16. Systematics of thep21(s1/2% d3/2% d5/2) states in the
185Au, 187Au, and 189Au isotopes. The levels are drawn so that t
first 3/21 level in each nucleus is at the same position.

FIG. 17. Thes1/2% d3/2% d5/2 and (s1/2% d3/2% d5/2)8 ~denoted as
‘‘intruders’’ ! family of positive-parity states in187Au ~separated by
a dotted line!. The left part of the figure shows the results of th
PTRM calculations, and the right part shows the experimental d
Level energies are given in keV relative to the basic state. T
bandhead energy for the calculated intruder band is adjusted t
the same as the experimental bandhead energy.l is the Fermi en-
ergy,D is the pairing gap, andE21 is the energy of the 21 level in
the chosen core nucleus, all given in MeV. Levels depopulated
E0 transitions are denoted by a solid circle.
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PRC 58 787LEVELS OF 187Au: A DETAILED STUDY OF SHAPE . . .
@35#. For each set of calculations discussed below, theb2
andb4 deformation parameters are taken from the bandh
predictions@35# or the even-even neighbors@34#. The triaxi-
ality parameterg is fitted to the experimental data. The co
21 energy is estimated using Grodzins’ rule, but adjus
slightly to the data. Pairing is treated within the BC
method, so that the Fermi energy (l) and pairing gap (D)
are derived and not input parameters. The PTRM Hami
nian is diagonalized within the space of low-lying on
quasiparticle states. Magnetic dipole matrix elements are
culated with the coreg factor (gR) estimated asZ/A and the
sping factor for the odd proton (gs) taken as 70% of the free

TABLE III. List of experimental and calculated relativeg-ray
intensities for a few low-lying levels in thes1/2% d3/2% d5/2 bands of
187Au. An asterisk indicates experiment only,I tot , a dagger indi-
cates to see the text in reference to weak transitions.
d

d

-

l-

value. The experimental states have been grouped into
distinct structures, thes1/2% d3/2% d5/2, the h11/2, the h9/2
% f 7/2, and thei 13/2 bands.

In the present version of the PTRM, the core is restric
to a fixed shape and all energies are computed relative to
BCS vacuum state at that deformation. Consequently,when
calculations are made for different core shapes, no mixing
included between the coexisting shapes, and the energy
ference between coexisting states is not calculated.

A. Positive-parity p21
„s1/2% d3/2% d5/2… structure

A prominent feature of the low-lying positive-parity state
in 185– 195Au is the occurrence of two rotational bands bu
on 1/21 and 3/21 bandheads. These two bands are rema
ably similar throughout the sequence189– 195Au, but are
clearly more compressed in185Au and 187Au than in 189Au,
as shown in Fig. 16. PTRM calculations for187Au are com-
pared with the experimental data in Fig. 17. The calcula
energy levels to the left of the dotted line are obtained fo
deformation ofb250.15 andg545°, and the agreemen
with the two main rotational bands is satisfactory. Calcula
and experimental relativeg-ray intensities are compared i
Table III, and again the agreement is satisfactory. T
measured magnetic moment for the ground sta
m~1/21)510.53 mN @30#, and values for
the B(E2; 3/21

1→1/21
1)50.18 e2 b2 and B(M1:

3/21
1→1/21

1)5(4.831024) mN
2 @22# are also well de-

scribed; the corresponding calculated values are10.54mN ,
0.21 e2 b2, andB(M1),1024 mN

2, respectively. As noted
previously for 189Au @4#, the calculated magnetic moment
particularly sensitive to the triaxialityg. This core shape is
essentially the same weakly deformed, slightly triaxial, ‘‘o

FIG. 18. Systematics of thep21(h11/2) states in the185Au,
187Au, and 189Au isotopes. The levels are drawn so that the fi
11/22 level in each nucleus is at the same position.
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latish’’ shape that successfully described the positive-pa
states in189Au. Furthermore, the experimental electroma
netic data@the relativeg-ray intensities, the magnetic mo
ment, and theB(E2) andB(M1) values# are very similar for
187 Au and 189Au, and the level of agreement with the ca
culations is nearly identical in the two cases. This extens
agreement strongly supports the deformation used for th
low-lying states.

However, one interesting disagreement remains: T
compression of these positive-parity bands compared
189Au apparently cannot be explained as a deformation
fect, and is only modeled in the PTRM calculations by a
justing the core 21 energy, but is not explained. One pos
bility is that some mixing with the higher-lying intrude
states compresses these bands, but it is not strong enou
destroy the similarities of the electromagnetic properties
tween 187Au and 189Au.

An interesting feature of the experimental electromagn
data seen in all three isotopes185Au @5,26#, 187Au, and 189Au
@4# is a series of weak transitions between the 3/22

1 and
3/21

1 , 5/22
1 and 1/21

1 , and 7/21
1 and 3/22

1 levels. The experi-
mental and PTRMg-ray intensities for these transitions
187Au are noted in Table III. The branching ratios obtain
from the PTRM calculations are in qualitative agreem
with the experimental values for these cases.

The ‘‘oblate’’calculations for thes1/2% d3/2% d5/2 structure
cannot account for the ‘‘extra’’ positive-parity states fou
experimentally, beginning with the level at 504 keV~de-
noted as ‘‘intruders’’ in the experimental part of Fig. 17!.
The transitions with enhancedE0 components~at 387.7 and

FIG. 19. Theh11/2 and (h11/2)8 ~denoted as ‘‘intruders’’! family
of negative-parity states in187Au ~separated by a dotted line!. The
left part of the figure shows the results of the PTRM calculati
while on the right are experimental data. Level energies are give
keV relative to the lowest state in the family. The bandhead ene
for the calculated intruder band is adjusted to be the same as
experimental bandhead. For the defintions ofl, D, and E21, see
Fig. 17. Levels depopulated withE0 transitions are denoted by
solid circle. An open diamond denotes a level seen in the exp
mental in-beam data@10,9#.
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391.9 keV! that decay to thes1/2% d3/2% d5/2 band also indi-
cate that this group of states has a different structure
separate PTRM calculation was made with deformation
rameters that gave the best description of theh9/2% f 7/2 bands
~discussed below!; this deformation is very similar to tha

,
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y
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TABLE IV. Calculated and experimental relativeg-ray intensi-
ties for theh11/2 band of 187Au.
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FIG. 20. Systematics of the
p11( i 13/2) states are drawn in the
top part of the upper figure. Tran
sitions that connecti 13/2 to the
h9/2% f 7/2 structure are shown. The
bottom part of the figure is the
structure of thep11(h9/2% f 7/2)
states in the185Au, 187Au, and
185Au isotopes.
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expected for the prolate structures in186Pt and 188Hg @34#.
The energy of the calculated intruder bandhead was adju
to be the same as the experimental bandhead, but the rel
energies of the other calculated states are correctly show

The experimental level density and spin assignme
agree qualitatively with the calculated (s1/2% d3/2% d5/2)8
structure, although one calculated 1/21 state has no experi
mental counterpart and there are only two calculated 31

states, but three experimental 3/21 states. If these intrude
states are well-deformed structures, then there should e
associated rotational bands. Observing those assoc
states and their decay properties would help to elucidate
structure of these intruder levels, although we note that at
low spins seen in this work, mixing is certainly obscurin
any clear band pattern.
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B. Negative-parity p21h11/2 structure

The level energies of thep21h11/2 structures in
185,187,189Au are very similar to each other, as shown in F
18. PTRM calculations are compared with the experimen
data in Fig. 19, where calculated states to the left of
dotted line are based on a weakly deformed triaxial sh
(b250.15, g532°). The triaxiality parameterg has been
fitted to the splitting of the 15/22 and 13/22 states, and in the
figure the I 511/262n states are separated from theI
511/26(2n11) states. Overall, there is good agreeme
between the experimental and calculated energy spectra
every calculated state up to;1 MeV, above the 11/22

bandhead, has an experimental counterpart. A compariso
calculated and experimental relativeg-ray intensities for the
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FIG. 21. Theh9/2% f 7/2 struc-
ture as a result of the PTRM cal
culations for three different value
of g ~0°, 20°, and 60°) and the
experimental levels. The oblat
shape structureg560° differs
with the experimental levels the
most, while the best agreement
achieved for the prolate shap
structure withg520°.
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h11/2 structure is presented in Table IV, and the agreemen
reasonably good although some clear discrepancies e
The first ‘‘11/22’’ listed in the table uses the second calc
lated 11/22 state, while the second ‘‘11/22’’ listed in the
table uses the third calculated 11/22 state. Clearly neither o
the calculated 11/22 states describes the experimental p
tern of relativeg-ray intensities very well, although som
difficulties were also noted for the second and third 11/2

states in189Au @4#. Some discrepancies are also apparent
the second calculated 9/22 state, but no comparison wit
189Au is available for this state. Overall, the agreement
tween these PTRM calculations and the data is compar
to the agreement found in189Au @4#.

The h11/2 intruder levels are shown to the right of th
dotted lines in Fig. 19. Note that the two experimental leve
with spins 11/22 and 13/22, haveE0 transitions to member
of the weakly deformedh11/2 structure. The calculated leve
use the same triaxial shape (b250.21,g520°) as used for
the h9/2% f 7/2 bands. The calculated 11/22 and 13/22 states
are the first two members of a strongly coupled band built
the @505#11/22 Nilsson orbital, and the calculated 7/22 and
15/22 states are rotational bandheads withK511/262 that
come low in energy due to the moderate triaxiality. If t
observed 11/22 and 13/22 states are indeed part of th
@505#11/22 band, there should be additional band memb
above these. Also, the existence of such low-lying 7/22 and
15/22 intruder bandheads would be a strong indication
triaxiality ~or someg softness!.

C. Negative-parity p11
„h9/2% f 7/2… and positive-parity p11i 13/2

structures

The systematic pattern of states associated with
p11(h9/2% f 7/2) and p11i 13/2 configurations in185,187,189Au
is shown in Fig. 20. In the upper portion of the figure, t
i 13/2 energy levels and the connecting transitions to
negative-parity states are shown, all drawn relative to
lowest 9/22 state. A more complete listing of theh9/2% f 7/2

states in 187Au and their suggested analog in185,189Au is
is
ist.
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shown in the lower portion of the figure. One striking featu
of these systematics is the much larger number of st
found at low energy in185,187Au than in 189Au. Our recent
study of 189Au @4# showed that the experimental data a
probably complete to an excitation energy of at le
;812 keV, and furthermore, there is a one-to-one corresp
dence between theh9/2% f 7/2 states observed in189Au and
those calculated with the PTRM within;900 keV of the
bandhead. The appearance of these ‘‘extra’’ states along
the observedE0 transitions clearly indicates coexisting se
of h9/2% f 7/2 states at low energy in187Au.

PTRM calculations for a variety of triaxialities are com
pared with the two lowesth9/2% f 7/2 bands in Fig. 21. The
quadrupole deformationb2 is the value predicted for the
lowest h9/2 bandhead@35# and corresponds closely to th
prolate structures in the even-even neighbors@34#. For the
oblate shape (g560°), two simple strongly coupled band
are expected, which clearly disagrees with the experime
pattern of states. For the prolate shape (g50°), a decoupled
band pattern results. The best overall agreement is achie
with g'20°, which provides a good description of the o
dering of the energy levels, the splitting between the t
lowest bands, and the experimentalB(E2,5/22→9/22) rate
@1.26~12! e2 b2 @30# compared to the PTRM value of 1.2
e2 b2#.

All states calculated with the PTRM at this deformatio
and within;700 keV of the 9/22 bandhead are shown to th
left of the dashed line in Fig. 22. The calculated states h
been organized into bands of states with roughly sim
structure, and the corresponding experimental states
shown in the right panel of that figure. Clearly there is
good general agreement between the data and the cal
tions. The first calculated states that do not have identi
experimental counterparts are the second 7/22 and 3/22

states, which are calculated to lie 412 keV and 504 k
above the 9/22 bandhead, respectively. The calculated a
experimental relativeg-ray intensities are compared in Tab
V, and overall the agreement is quite good. With the exc



right.

er band
id
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FIG. 22. The negative-parity statesh9/2% f 7/2 and (h9/2% f 7/2)8 ~separated by dashed lines!, and thei 13/2 family of positive-parity states
~boxed in by the dotted lines! in 187Au. The results of the PTRM calculation are shown on the left and the experimental data on the
Level energies are given in keV relative to the bandhead energy. Thei 13/2 bandhead is drawn at 1135 keV~PTRM! and 1001 keV~expt.!
above theh9/2% f 7/2 bandhead, but denoted as ‘‘0’’ to show that it is another band. The bandhead energy for the calculated intrud
(h9/2% f 7/2)8 is adjusted to be the same as the experimental bandhead energy. Levels with depopulatingE0 transitions are denoted by a sol
circle and those seen in the experimental in-beam data@10,9# by an open diamond. For the definitions ofl, D, andE21 see Fig. 17.
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tion of the 3/21 and 13/23 states, the strongest calculate
g-ray transition is also the strongest observed transition
each case. Note also that the second experimental 3/22 state,
shown at 854 keV above the 9/22 bandhead in Fig. 22, cor
responds to the third calculated 3/22 state, shown at 701
keV. If the second calculated 3/22 state~shown at 504 keV!
is instead compared to the observedg-ray decay pattern o
the experimental 3/22 state at 854 keV, the agreement
somewhat worse; in particular, the 3/22→5/21

2 transition is
calculated to be about 10 times stronger than is obser
Also, the observed decay pattern of the experimental 32

state at 634 keV above the 9/22 bandhead~shown to the
right of the dashed line in Fig. 22! disagrees considerabl
from the expected pattern for the second calculated 3/2;
this disagreement supports the placement of this 3/22 state in
the coexisting (h9/2% f 7/2)8 system described below.

The i 13/2 band has also been calculated with the sa
parameters as for theh9/2% f 7/2 states, and these are show
inside the dotted lines in Fig. 22. The calculated position
the 13/21 bandhead is 1135 keV above the 9/22 bandhead of
the h9/2% f 7/2 states, and this agrees quite well with the e
perimental position~1001 keV above the 9/22 level!. The
general pattern of states in thei 13/2 band is described well by
in

ed.

e

f
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the calculations, and confirms the prolate nature of this ba
However, it is difficult to draw more detailed conclusion
e.g., whether an axially symmetric shape withg50° pro-
vides a better description of thei 13/2 band, based on th
present data.

The PTRM calculations provide a good description of t
lowesth9/2% f 7/2 bands, but cannot account for the addition
states observed experimentally beginning with the 9/22 level
at 323 keV and displayed as the last two bands on the
perimental panel in Fig. 22~to the right of the dashed line!.
The first important feature of these states, denoted as
(h9/2% f 7/2)8 bands, is that the levels marked with the bul
showE0 transitions to the lowesth9/2% f 7/2 band, while the
other states do not. Second, the general pattern of stat
the (h9/2% f 7/2)8 bands is remarkably similar to theh9/2
% f 7/2 bands, which implies a prolate or near-prolate (h9/2
% f 7/2)8 structure and not the oblate strongly coupledh9/2
bands based on the@505#9/2 Nilsson orbital known in the
neighboring Tl isotopes@1,36,37#, and expected from the
axial calculations@35#. An oblate (h9/2% f 7/2)8 band should
have a much simpler strong-coupling pattern~see Fig. 21!
instead of repeating the decoupledh9/2% f 7/2 structure seen a
low energies. Finally, the moment of inertia is considera
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TABLE V. Calculated and experimental relativeg-ray intensities for theh9/2% f 7/2 band of 187Au.
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smaller for the (h9/2% f 7/2)8 band than for theh9/2% f 7/2
band. These observations indicate that the excited struc
associated with the 9/22 state at 323 keV cannot be ex
plained in terms of the Coriolis mixing of single-partic
orbitals at one deformation minimum. In addition, the lo
energy of this state, 323 keV, cannot be explained in term
an adiabatic collective excitation~e.g.,b or g vibration! built
upon a single shape~in the neighboring even-even Pt iso
topes,g vibrational states appear at;650 keV!.

A separate PTRM calculation performed at a deformat
of b250.17,g50° is shown to the right of the dashed lin
in the PTRM panel of Fig. 22. No mixing is included b
re

of

n

tween these different core shapes and the energy spli
between the two sets of states is not calculated but is sim
set to 323 keV. The agreement between the calculated
experimental energies of the (h9/2% f 7/2)8 bands is rather
good; note, however, that similar results are obtained wit
small triaxiality (g'18°), and the quadrupole deformatio
b2 is not as firmly established as for the lowerh9/2% f 7/2
bands where experimentalE2 transition rates are available
In any case, the general pattern of states and the sm
moment of inertia clearly establish a prolate or near-prol
(h9/2% f 7/2)8 structure with a smaller deformation than fo
the lowerh9/2% f 7/2 bands.
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Since the PTRM calculations ignore any explicit mixin
between the effective cores, it is not possible at presen
calculate transitions between the (h9/2% f 7/2)8 and (h9/2
% f 7/2) configurations. However, a qualitative explanati
can be offered for the observed pattern ofE0 transitions
between the coexisting states. According to the standard
terpretation@38#, fast E0 transitions~i.e., fast enough to
compete favorably with other available decay modes! require
a mixing between the underlying coexisting configuratio
The effective coresuA& and uB& are linear combinations o
the pure configurationsu i & and ug&, i.e., uA&5aug&1bu i &
and uB&5au i &2bug&. TheE0 transition matrix element be
tween the effective cores is determined by the mixing a
the difference in charge radiir c ,

^BuM ~E0!uA&5ab@^ i u~r 2!cu i &2^gu~r 2!cug&#, ~1!

assuming that the off-diagonal term̂i u(r 2)cug& vanishes. If
an odd particle in a deformed orbitalxA or xB is coupled to
these effective cores, then theE0 transition is attenuated b
the overlap of the single-particle wave functions,

^xB^ BuM ~E0!uxA^ A&5^xBuxA&^BuM ~E0!uA&. ~2!

In the PTRM calculations, the odd proton mainly occ
pies theh9/2 orbital in the lowest band of each of the tw
configurations. Consequently, the overlap of the sing
particle wave functionŝxBuxA& is large, and the core-drive
E0 transition is not attenuated by the presence of the
proton. In the first excited band in the (h9/2% f 7/2)8 configu-
ration, the odd proton mainly occupies theh9/2 orbital, but
the corresponding band in the (h9/2% f 7/2) configuration has
significant f 7/2 content as well. As a result, there is som
mismatch between the single-particle orbitals, and con
quently the overlap̂xBuxA& hinders theE0 transitions be-
tween these states. This scenario is schematically indic
in Fig. 23.

In the simplest view of particle-core coupling models, it
natural to try to associate the effective core with the phys
collective states in the neighboring even-even nuclei, and
thesep11(h9/2% f 7/2) states, theA-1 nucleus186Pt would be
the appropriate reference. Such a simplistic approach
glects changes induced by the presence of the odd par
e.g., blocking and polarization effects. Shape coexistenc
well known in 186Pt, where the ground band is identified as
prolate intruder configuration, and the coexisting norm
states are oblate@3,34#. The prolate effective core obtaine
here for the lower (h9/2% f 7/2) states in187Au corresponds
well to the ground intruder configuration in186Pt, but the
less-deformed prolate core necessary to describe theh9/2
% f 7/2)8 states clearly does not correspond to the expec
coexisting oblate configuration in186Pt.

The strong similarity between the two effective cores
intriguing; in spite of similar deformations, the intrinsic co
figurations of the lowest and the excited band structures h
to differ structurally. A similar situation is known in th
lighter nuclei around176Pt @39–41#, where the experimenta
data can be interpreted in terms of a low-spin shape coe
ence between different shapes associated withN55 proton
orbitals intruding from above theZ582 spherical shell clo-
sure. The less-deformed structure is calculated@42,43# to in-
to

n-
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d

-

-

d

e-

ed

l
or

e-
le,
is

l

d

ve

t-

volve noN55 (h9/2 and f 7/2) protons and hence is labeled a
50. The more deformed structure 52, contains a pair ofN55
protons coupled to zero angular momentum. The low-s
shape change is strongly favored by the deformed neu
gap atN598. A similar situation can be expected around t
deformed neutron gap atN5108 @36,37#. The presence of
two cores built on the diabaticug&5u50& and u i &5u52& con-
figurations offers a plausible explanation to the unusual si
larity of the h9/2% f 7/2 bands in187Au @17#.

VI. CONCLUSIONS

By using the experimental instrumentation and techniq
developed at UNISOR to search for and quantify elec
monopole transitions, it was demonstrated thatE0 enhance-
ment in transitions between shape coexisting configurati
is a common feature and that it can be used as a signatur
nuclear shape coexistence. With the connection betweenE0
transitions and nuclear shape coexistence established,
ries of experiments on187Au, by means ofb decay of
187Hgm and 187Hgg, was initiated. Two things became imme
diately apparent: first, the spectra were exceedingly comp
~more than 500 transitions in187Au and hundreds of con
taminating transitions from otherA5187 isobars! and, sec-
ond, theb-decay intensity to the configurations of most i
terest is small~e.g., <1.6% of the total EC1b1 feeding
from 187Hgm to the h11/28 band!. In order to extract the rel-
evantphysics, it became obvious that a new level of spectr
scopic sensitivity and completeness would be requir
Without doubt, this work represents abenchmarkin that re-
gard and is one of the most complete and detailed spec
scopic analyses of a radioactive decay sequence to d

FIG. 23. A schematic illustration of the coupling scheme b
tween the unpaired proton and the effective cores. The underl
core configurations contain 0~50) or 2 ~52) protons in theN55
intruder orbitals, and the effective coresuA & and uB & are linear
combinations of these. The dotted line indicates the adiabatic
tential energy surface constructed from the quasiparticle vacu
state at each deformation, and the solid lines indicate diabatic
figurations obtained by removing the interaction between
vacuum and two-quasiparticle states involvingh9/2 proton configu-
rations.
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Spectroscopic techniques developed by us over the y
@32,44# were crucial to accomplish that task.

Nine E0 transitions were identified and observed to de
cite both high- and low-spin states that decay to four type
structure identified at low energy in187Au: positive-parity
states based on the mixeds1/2, d3/2, andd5/2 structure~in-
cluding the ground state! with spins up to 17/21 ~at the ex-
citation energy of 1605 keV!; positive-parity states based o
the i 13/2 structure with spins up to 17/21 ~at the excitation
energy of 1381 keV!; negative-parity states based on t
9/22 isomeric state~T1/252.3 s! at 120.5 keV with spins up
to 19/22 ~at the excitation energy of 1233 keV!; and
negative-parity states based on the 11/22 isomeric state
†T1/2548~2! ns @21#‡ at 223.9 keV with spins up to 19/22 ~at
the excitation energy of 1405 keV!.

Particle1triaxial rotor model calculations, although re
stricted to a fixed core shape, nonetheless are useful for c
acterizing configurations and nuclear shapes. The low-ly
positive-parity states are well described in terms ofs1/2,
d3/2, andd5/2 orbitals coupled to a weakly deformed near
oblate shape, similar to the heavier odd-mass Au isoto
Additional positive-parity states are identified and are c
sistent with a more-deformed prolate core. Similar results
R
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found for theh11/2 family of states: the low-lying states ar
well described with a weakly deformed triaxial shape, a
additional states consistent with a prolate core are identifi
Coexisting prolate structures are identified in theh9/2% f 7/2

family of states, and the underlying prolate core configu
tions are characterized by different occupations of theN
55 proton intruder orbitals.

The new, comprehensive, and detailed experimental d
presented here for the187Au nucleus serves as a stimulus f
the development of models that explicitly include shape
existence in the formalism.
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