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High-spin structure in 181,183Au
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High-spin states were studied in181,183Au and resulted in the identification of several new prolate rotational
bands based onp i 13/2, ph9/2, p f 7/2, andph11/2 configurations. The alignment and moment of inertia features
of the intruder bands are compared with ground-state bands in Pt nuclei. From these features, it can be
concluded that a strongly interacting (ph9/2)

2 alignment is occurring in thep i 13/2 bands in Au and the
ground-state bands in Pt. In addition, bandhead energies and deformation parameters are calculated for de-
formed configurations in the framework of a microscopic-macroscopic shell-correction model. These calcula-
tions are compared with experimental values in Re and Ir, as well as, Au isotopes. Interaction properties
between knownph9/2 andp f 7/2 rotational bands are also discussed and compared with results from a cranked-
shell model. ExperimentalB(M1)/B(E2) ratios between these bands are compared with results from a
particle-rotor calculation.@S0556-2813~99!05304-2#

PACS number~s!: 27.70.1q, 21.10.2k, 23.20.Lv, 21.60.Ev
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I. INTRODUCTION

Gold nuclei (Z579) represent an excellent laboratory
study the various shapes that can occur so near to a cl
shell (Z582). While slightly oblate shapes dominate t
low-energy structure of heavier Au nuclei (A.187) @1#, pro-
late shapes are lower in energy for the lighter isotopes.
stability of this prolate minimum is dependent on the prot
single-particle states of the highest angular momentum,i 13/2
andh9/2. Theph9/2 rotational band lies lowest in energy fo
odd-A Au nuclei, but the prolate-driving intruder orbita
1
2 @660#(p i 13/2) comes lower in energy for the lighter A
nuclei. We have performed earlier measurements
185Au106 @2# and 187Au108 @3#, and observed a strongly pro
late i 13/2 band based at 860 and 1122 keV, respectively. T
paper describes our more recent measurements on181,183Au,
which now span the neutron midshell point (N5104) and
allow us to study the behavior of these various deform
bands in isotopes where the deformation should start to
crease~beyond midshell!. It is important to understand th
properties of the proton intruder bands as one progre
toward the proton drip line (N592).

In addition to the first measurement of rotational bands
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181,183Au, theoretical calculations to understand the obser
properties are also presented in this article. The experime
setups and details of the data reduction are described in S
II and III. Level schemes and justification for these schem
are presented in Secs. IV A and IV B for183Au and 181Au,
respectively. Because of their similar nature, the configu
tion assignments for the rotational bands in these two nu
are discussed together in Sec. V. A comparison of these d
as well as experimental values from other neighboring
clei, is presented in Sec. VI. This section is divided into tw
parts. The first~Sec. VI A! compares the results of bandhe
energy and deformation calculations from a microscop
macroscopic shell-correction model with experimenta
known bandheads of prolate structures in Re, Ir, and Au. T
second part~Sec. VI B! discusses the rather unique featur
of the interaction betweenph9/2 andp f 7/2 configurations. As
part of this discussion, experimentalB(M1)/B(E2) ratios
are compared with values from particle-rotor calculatio
Concluding remarks are presented in Sec. VII.

II. EXPERIMENTAL SETUP

The object of this study was to observe the high-s
states in183Au and 181Au from their discreteg decay. Ex-
periments for each nucleus were performed at the Holifi
Heavy Ion Research Facility at Oak Ridge National Labo
tory using the Spin Spectrometer array.

The experiment to observe states in183Au utilized the
152Sm(35Cl,4n) heavy-ion fusion-evaporation reaction at
beam energy of 170 MeV. The beam was focused on
152Sm target foils of 98% enrichment and 0.5 mg/cm2 thick-
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2010 PRC 59W. F. MUELLER et al.
ness arranged in a stack. For this experiment 11 of
NaI~Tl! elements~leaving 61! from the Spin Spectromete
were removed and replaced with an equivalent numbe
;25%-relative-efficiency high-purity Ge detectors, nine
which had Compton-suppression units. The angle positi
~and number at that angle! of these counters were 24.7°(3),
63.4°(3), 92.7°(1), 116.6°(2), and155.3°(2) with respect
to the beam axis. With this setup approximately 2003106

events were collected with a hardware condition of at le
two Ge and five NaI~Tl! elements firing in prompt coinci
dence.

Excited states in181Au were produced in the reactio
150Sm(35Cl,4n) at a beam energy of 168 MeV. The setup f
this experiment involved 18 Compton-suppress
;25%-relative-efficiency Ge detectors and 52 NaI~Tl! ele-
ments of the Spin Spectrometer. For this setup, the a
positions~and number at that angle! of the Ge counters were
24.7°(3), 41.4°(2), 63.4°(4), 116.6°(4), 138.6°(2), and
155.3°(3) with respect to the beam axis. The target consis
of two self-supporting 0.5-mg/cm2-thick foils to allow the
recoiling nuclei to fully decay in flight. The150Sm target
material was enriched to 95%. Ge-Ge coincidences were
lected under the condition that at least six NaI elements fi
in prompt coincidence. In this experiment,;953106 trig-
gered events were recorded on tape.

III. DATA REDUCTION AND ANALYSIS

In both reactions, 152Sm(35Cl,xpxn) and
150Sm(35Cl,xpxn), the primary residue is the 4n evaporation
channel (183Au and 181Au, respectively!, with the largest
competition coming from thep3n channel (183Pt, 181Pt) and
fission. For enhancement of theg decays associated wit
183Au and 181Au from the other reaction products, approp
ate cuts were made on NaI fold~K! and total energy (H). In
addition, coincidence relations between the transitions of
terest and AuKa x rays, which could be distinguished from
the ;2-keV @4# lower Pt x rays, were used to assign new
observedg rays to the respective Au nucleus. These d
were presorted off line to gain-match the Ge energy sign
as well as correct for the Doppler shifts at different detec
angles caused by the decay of the recoils in flight.

Because of the similar reactions for the two experimen
the chosenH and K for the two analyses are very simila
From the analysis of theg-ray intensities in theH and K
gates, the condition 10<K<30 was found to be optimum
With this gate, most of the intensity of second large
byproduct in each reaction@182Pt in the 152Sm(35Cl,xnxp)
reaction and180Pt in 150Sm(35Cl,xnxp)] is removed. At the
same time, a significant portion of the yield of the prima
residue (183Au and 181Au, respectively! is still kept. With
this condition the Ge energy data were sorted into aK-gated
(10<K<30) symmetrizedg-g matrix involving all angle
positions. An angle-sortedg-g matrix was created with a
slightly different gating requirement of 8<K<30. For this
matrix the six detectors at angles 24.7° and 155.3°~referred
to as the 24° axis! were sorted against the eight detectors
63.4° and 116.6°(63° axis!. The lower-K requirement for
the angle-sorted matrix was chosen to increase the inten
of the newly identified Au lines as a compensation for t
fewer number of detectors.
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IV. RESULTS

A. 183Au

Excited states in183Au up to I p5 9
2 \ have been previ-

ously studied from theb1/@electron capture~EC!# decay of
183Hg @5#. The data in the present article represent the fi
in-beam study performed on this nucleus. The newly est
lished level scheme of183Au is shown in Fig. 1. Band labels
are introduced to ease the discussion. The spins of the le
in Fig. 1 are based on the assumption that the lowest le
observed in this work has a spin and parity ofI p5 9

2
2. The

feeding into the lower-lying5
2

2 level also shown in Fig. 1
was not observed in this experiment. However, for comple
ness this state is shown in the proposed level scheme, sin
was established in previous experiments on183Au that are
referenced below.

FIG. 1. Level scheme for183Au. The widths of the arrows rep
resent the intensities of the observed transitions and the black
white shading corresponds to theg-ray ~measured! and internal-
conversion ~calculated! intensities, respectively. Assignments
spin and parity of levels are discussed in the text. The band la
are chosen such that they compare with similar bands in Fig. 4
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PRC 59 2011HIGH-SPIN STRUCTURE IN181,183Au
The assignments for the lowest spin states (5
2 , 9

2 ) are
based on the systematics between levels observed in183Au
and 185Au. Spins and parities for the low-energy levels
185Au were established from conversion electron measu
ments by Kahleret al. @6# and in ab1/EC experiment by
Bourgeoiset al. @7#. A spin and parity ofI p5 9

2
2 was estab-

lished for the 12-keV level in183Au by Macias-Marques
et al. @5#. The lowest state observed in the heavy-ion fus
evaporation leading to185Au @2# was the 9

2
2 level in the

ph9/2 band. In185Au and 183Au, the 9
2

2 level in these nuclei
is measured to be 8.9 and 12.3 keV above the ground s
respectively.

Assignment of spins for the excited states are based
directional correlation~DCO! ratio measurements ofg de-
cays. As a cross-check, an angular distribution measurem
was performed. The DCO ratios are extracted from measu
g-ray intensities for certain detector angles according to
following prescription:

RDCO5
I 24°

g1 ~gate63°
g2 !

I 63°
g1 ~gate24°

g2 !
, ~4.1!

whereI 24°
g1 (gate63°

g2 ) is the intensity ofg1 at 24° in a spectrum

gated byg2 detected at 63°, andI 63°
g1 (gate24°

g2 ) is the g1 in-
tensity from ag2-gated projection on the 63° axis. The DC
ratios are compared with calculated values for the given
tector geometry. For a stretched quadrupole transition of
terest (g1), the calculated DCO ratios areRDCO51.0 when
g2 is a stretchedE2 andRDCO50.6 wheng1 is a pureDI
51 dipole transition. We consider onlyE2 transitions for
theDI 52 case, whileDI 51 transitions can be either ofM1
or E1 character.

In addition to a DCO analysis, an angular distributi
measurement was performed. This was done by projec
the spectra for the individual Ge detectors, finding the ar
of the peaks of interest, correcting for the detector efficien
and fitting the angular intensities to the distribution functio

W~u!5A0@11Q2A2P2~cosu!1Q4A4P4~cosu!#,
~4.2!

whereQk are the solid angle correction coefficients@8#, and
Pk(cosu) are the Legendre polynomial functions. The fo
angles available for this measurement were 0°, 24°(156
63°(116°) and 87°. TheA2 /A0 andA4 /A0 coefficients were
obtained using a least squares fit of Eq.~4.2! to the experi-
mental data and are listed in Table I. TheA2 values for
stretchedE2 transitions should range between 0.35 and
and increase smoothly as spin increases. Indeed, the qu
pole transitions exhibit a relatively large increase in theA2
coefficients as a function ofI . The A4 coefficients for these
sameE2 g rays should have values ranging from20.15 at
low spins to 20.03 at the highest observed spin leve
While the measuredA4 values have negative values at t
lowest spins, they take on positive values at moderate to h
spins. The reasons for these small deviations must be du
measurable angular correlations between the Ge detec
The presence of these correlations, however, does not
vent one from using these data as a cross-check for
assignments suggested in the DCO data.
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Parity assignments for states are determined based
comparison with analogous states in known nuclei. Justifi
tion for specific cases are presented below. Specific ener
and intensities, as well as DCO and angular correlation v
ues forg rays associated with183Au, are listed in Table I.

1. Bands 1–3: Negative-parity structures

A rotational structure has been found to be built on top
the 9

2
2 level and is labeled as band 1 in Fig. 1. This structu

has been established up to the 5500-keV level. Figur
shows a spectrum generated by summing the three g
taken on the 571.5-, 627.6-, and 668.9-keV transitions. Th
gates illustrate band 1 and theg-ray transitions up to the
735-keV decay. The measured DCO ratios for these tra
tions ~listed in Table I! indicate that the transitions in thi
band are ofDI 52 type and, therefore,E2 in nature. DCO
values for the two or three highest-energy transitions co
not be established and therefore spins are given in paren
ses. However, these are likely ofE2 character as well since
the transition energies increase up to the highest spins
served.

Based on DCO measurements, theg-ray transitions
placed in band 2 can also be established asDI 52 electric
quadrupole transitions. Band 2 is observed to decay to b
1 predominantly by the 261.4- and 368.7-keV transitio
The measured DCO ratios of 0.7460.22 and 0.5160.08 for
these two transitions indicate that both of these interbang
rays are ofDI 51 mixed dipole/quadrupole multipolarity
thus establishing the spins of the levels in band 2. A nega
parity is assigned to this band based on the comparison
a similar band observed in185Au.

For band 3, it was only possible to obtain DCO ratios f
three of the seven transitions observed. The values for th
threeg rays indicate that they areDI 52 E2 transitions. The
other transitions within this band are also assumed to h
E2 multipolarity. The primary decay out of this band is
bands 1 and 2 and occurs at the 1487.0-keV level via
498.5- and 464-keV transitions. The measured angular
relations suggest that the three intrabandg rays from band 3
to 2 have aDI 52 character, which establishes the relati
spins of levels in band 3 compared with band 2.

Support for the proposed negative-parity assignmen
band 3 comes from the observation of the crossover27

2
2

→ 23
2

2 transition between bands 2 and 3. This cross-talk
indicative of a band interaction, implying that the wave fun
tion for the 1544-keV level in band 2 is mixed with the wav
function of the 1487-keV level in band 3 and consequen
these levels have the same parity.

2. Band 5: Positive-parity structure

The measured DCO ratios for the 163.6–652.9-keVg
rays in band 51 indicate that these transitions areDI 52 elec-
tric quadrupoles. A spectrum resulting from a gate on th
transitions in this cascade is shown in Fig. 3. Decay out
this band is observed to occur at the 701- and 865-keV
els. While a DCO measurement was not possible for

1This band is labeled ‘‘5,’’ to be consistent with the level schem
for 181Au ~see Sec. V!.
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TABLE I. g-ray energies, intensities, and DCO ratios for bands in183Au. Uncertainty in theg-ray
energies is 0.2 keV when the decimal point is present and 0.5 keV when the decimal point is not p
Intensities ofg-ray transitions are relative to the 283.1-keV transition in band 5. The values in co
‘‘Intensity ~converted!’’ are the total decay intensity for the given transition, accounting for internal con
sion by using the coefficients from Ro¨sel et al. @39#.

Eg I g Intensity
~keV! Band relative ~converted! A2/A0 A4/A0 RDCO

218.8 1 10362.5 131.863.2 0.39060.066 20.1560.009 1.0060.07
334.1 1 59.660.7 64.160.8 1.0760.13
423.9 1 51.661 53.661.0 0.50960.063 20.1060.080
502.8 1 37.964 38.964.1 0.41560.108 0.01560.019
571.5 1 19.363.8 19.763.9 0.53060.100 0.08060.150 1.0060.40
627.6 1 1664 16.264.1 0.58060.140 20.0860.210 0.9160.14
668.9 1 1364 13.264.1 1.02060.230 0.05060.280 1.1960.30
693.1 1 864 8.164.0 0.72060.200 20.3860.360 1.1960.59
712.5 1 562 5.162.0
735 1 261 2.061.0
776 1 161 1.061.0
204.4 2 80.662 109.062.7 0.35160.065 20.2760.140 1.0260.28
326.1 2 58.661 63.361.1 0.38160.056 0.12060.090 1.0260.14
423.2 2 25.666.2 26.666.4 0.50960.063 20.1060.080 0.9260.25
522 2 1564 15.464.1
552 2 562 5.162.0 2.2060.11
589 2 663 6.163.1
625 2 161 1.061.0
261.1 2→ 1 35.161.1 52.861.7 20.0860.072 20.0560.112 0.7460.22
368 2→ 1 10.960.7 13.160.8 0.5160.08
555 2→ 1 1.860.3 1.960.3
609.2 2→ 3 562 5.162.0
433.0 3 7.360.7 7.660.7 0.63960.240 0.16060.350
498.9 3 25.961 26.661.0 0.16960.040 0.28060.800 0.8960.18
555.1 3 14.361.8 14.661.8 0.32060.110 20.1360.150
607.9 3 6.260.5 6.360.5 0.76060.100 20.2260.170 0.9060.17
649.5 3 5.562 5.662.0 0.58060.140 0.28060.230 0.9260.29
662.2 3 3.462 3.462.0
668 3 161 1.061.0
498.5 3→ 1 13.763 14.963.3 0.16960.040 0.28060.080
441 3→ 2 1765 17.665.2 1.4060.40
455 3→ 2 763 7.263.1 1.3060.60
464 3→ 2 13.362 13.762.1 0.46360.120 20.0260.190 1.0060.30
163.6 5 33.363.3 59.065.8 0.21060.267 0.07760.370 1.1260.14
283.1 5 100 112.3 0.31860.171 20.3860.090 1.0260.11
379.2 5 8562.3 89.562.4 0.9960.15
453.4 5 74.565.1 77.065.3 0.49460.056 0.02760.090 1.0560.15
509.8 5 72.765.6 74.565.7 0.68860.092 0.04760.134 0.9960.20
557.8 5 59.466.2 60.666.3 0.55660.093 0.08360.118 1.2360.40
608.0 5 27.463.7 27.963.8 0.38660.082 0.25160.128 0.9060.17
652.9 5 14.361.8 14.561.8 1.00960.293 0.29360.246 0.7460.30
679.6 5 1261 12.261.0 0.56360.225 0.15960.311
692.1 5 6.561 6.661.0 0.71960.202 20.3760.361
700.2 5 362 3.062.0
729 5 161 1.061.0
769 5 161 1.061.0
300 5→ 1 10.863 11.163.1
265.8 5→ 2 47.864.8 49.565.0 20.3260.171 0.23160.261 0.5860.09
428.3 5→ 2 3663.6 36.463.6 20.7460.074 0.18560.096 0.7560.41
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FIG. 2. Representative spectrum illustratin
band 1 in183Au from a sum of gates taken on th
571.5-, 627.6-, and 668.9-keV transtions.
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300-keV decay-outg ray, the 265.8- and 428.3-keV trans
tions are determined to have ratios (0.5860.09 and 0.75
60.41, respectively! which suggest that these two interba
g rays haveDI 51 dipole multipolarities. The five transi
tions above the 4309-keV level in band 5, where theg rays
were too weak for DCO measurements, are assumed to
E2 multipolarity. A structure similar to band 5 was observ
by Larabeeet al. @2# in 185Au. The band in185Au was as-
signed positive parity. Based on the comparison of this b
to 183Au, band 5 is also assigned to have positive parity.

B. 181Au

Analysis of the total and angle-sortedg-g-coincidence
matrices revealed nine bands or fragments ofE2 decays. The
proposed level scheme for181Au is shown in Fig. 4. This
level scheme represents the first establishment of exc
states observed in181Au. The g rays following a 181Hg de-
cay and possibly associated with181Au were reported by
Sauvageet al. @9#; however, a level scheme was not esta
lished and none of theg rays from that report correspon
with the transitions presented here. The measured prope
of the newly observedg rays are listed in Table II. The spin
of the levels in181Au are based on the assumption that t
lowest level observed in band 1 has a spin and parity oI p

5 9
2

2.
ve

d

ed

-

ies

This assignment for the spin of the lowest level is bas
on the systematics between levels observed in181Au, 183Au,
and 185Au. Unlike 183Au, there is no information on the low
energy level structure of181Au available from decay work
and thus we cannot be sure of the9

2
2 assignment. Neverthe

less, this assignment is most likely by comparison w
183Au and 185Au. As with the 183Au experiment, the assign
ments of spins for the excited states are based on DCO
measurements ofg decays. While the number of detecto
for the 181Au experiment was greater than that for183Au, the
same angle groups were used (63° and 24°). As a co
quence, and DCO ratio ofRDCO51.0 is expected for a
stretchedE2 transition andRDCO50.6 for a pureDI 51 di-
pole transition. Unlike the analysis of183Au, it was deter-
mined that an angular distribution analysis was unneces
for determining spins in181Au.

1. Bands 1–3: Negative-parity structures

A series ofg-ray transitions is assigned feeding direct
into the 9

2
2 state. Theseg rays are labeled band 1 in Fig. 4

A gate on the 342.6-keV transition in this band is shown
Fig. 5~a!. Three of theg rays in this band are nearly ene
getically identical to those in band 2, thus making it difficu
or impossible to determine accurate DCO ratios for many
the transitions. Those transitions for which ratios were est
g
e
ly
re.
FIG. 3. Representative spectrum illustratin
band 5 in183Au from a sum of gates taken on th
379.2-, 652.9-, and 679.1-keV transtions. On
the members of the band are labeled in the figu
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FIG. 4. Level scheme for181Au. The level energies in bands 1–7 are relative to the9
2

2 level in band 1. The energy of the11
2

2 level in
the coupled band is arbitrarily set to 50 keV, and the energies of the other levels in this band are relative to the energy of11

2
2. The widths

of the arrows represent the relative intensity of the transitions, and the black and white shading corresponds to theg-ray ~measured! and
internal-conversion~calculated! intensities, respectively. Assignments of spin and parity of levels are discussed in the text.
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lished confirm that theg rays areDI 52 quadrupole in char-
acter. The multipolarity of the 762-keV and 686-keV tran
tions feeding in at the top of the band could not
established due to limited statistics.

A representative spectrum for band 2 obtained from a g
on the 331.9-keV transition is shown in Fig. 5~b!. This gate
indicates not onlyg rays in band 2, but also those in band
that result from the 111.1-keV transition that feeds fro
band 5 into band 2. Decays from bands 3 and 4 are
observed in this gate because of the 413.4-keV and 38
keV transitions that feed the level directly above the gateg
ray. The 228.9-keVg ray of band 1 appears in this ga
because of the 331.1-keV doublet in band 7. As mentione
the previous paragraph three of the transitions in band 2
doublets withg rays in band 1. Those transitions where DC
measurements are possible exhibitDI 52 quadrupole multi-
polarity. The spins in this band are fixed by the measu
multipolarity of the 242.6-keV transition that connects ba
2 to band 1. The DCO ratio for this transition is 0.7860.04,
which is the expected ratio for aDI 51 mixed dipole-
quadrupole transition. An assignment of this as a mix
11
2

2→ 9
2

2 transition is consistent with this ratio, and agre
well with similar transitions in neighboring nuclei.

The g-ray transitions in band 3 are clearly establish
from the gate on the 391.2-keV transition@see Fig. 5~c!#,
despite the large number of doublets in this band. T
286.5-, 367.7-, and 444.0-keV peaks are all doublets or n
doublets with transitions in band 5. The 510.7-keVg ray is
nearly identical to ones in both bands 1 and 2, and the 62
keV also has an identical counterpart in band 2. DCO m
surements were only possible for three transitions in
band. Forg rays above 35/22, the multipolarities are no
known, but are postulated as beingE2 transitions. There are
-

te

so
.4-

in
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d

d
s

e
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9-
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five transitions identified as decaying from band 3 to band
The resulting DCO ratios for the 391.2- and 416.4-keV tra
sitions are below theDI 51 pure dipole value, and indicat
that theseg rays have a dipole/quadrupole multipolarity~for
I→I 21) characterized by a large negative mixing ratio2

These ratios establish the spins for the levels in band 3,
provide strong indication that the transitions are ofM1/E2
type, thus fixing the parity as well. A transition is also o
served from the19

2
2 level in band 3 to the15

2
2 level in band

2, and results from the fact that the19
2

2 levels of bands 2 and
3 are only 18 keV apart. This interaction between the t
bands lends further support for both the parity and spin
signments.

2. Band 4

Band 4 is a set of weak transitions representing about
of the total decay intensity of the nucleus. The band is c
nected with the rest of the level scheme via a 380-keV tr
sition from the level fed by the 411-keV transition. Eviden
for this 380-keV transition, as well as several transitio
from in this band, can be seen in Fig. 5~b!. Theg rays in this
band, including the decay-out transition, are too weak to
tract DCO ratios; so the spins cannot be deduced. Base

2Mixing ratio is defined as

d~gn!5kn

A3

10

^I n11uuM~E2!uuI n&

^I n11uuM~M1!uuI n&
,

wherekn is the energy of the transitiongn expressed in units where
\5m5c51. This definition assumes the sign convention used
Kraneet al. @10#.
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TABLE II. g-ray energies, intensities, and DCO ratios for transitions in181Au. Uncertainty in theg-ray energies is 0.2 keV when th
decimal point is present and 0.5 keV when the decimal point is not present. Intensities ofg-ray transitions are relative to the 272.5-ke
transition in band 5. the values in column ‘‘Intensity~converted!’’ are the total decay intensity for the given transition, account for inte
conversion by using the coefficients from Ro¨sel et al. @39#.

Eg I g Intensity Eg I g Intensity
~keV! Band relative ~converted! RDCO ~keV! Band relative ~covered! RDCO

228.9 1 133.161.1 165.261.4 0.9060.04
342.6 1 74.762.5 79.962.7
431.5 1 51.761.8 53.761.9 1.1960.08
510.5 1 36.961.6 37.861.6
582.6 1 21.160.9 21.560.9 1.2160.28
646.4 1 14.060.6 14.260.6 1.1460.4
700.6 1 10.060.5 10.160.5 1.7561.24
762 1 3.460.3 3.560.3
686 1 4.660.4 4.660.4
213.2 2 138.664.5 181.065.9 0.9060.1
331.9 2 45.261.8 48.761.9 0.9260.05
431.4 2 28.661.4 29.661.4 1.0760.16
512.3 2 24.361.1 24.961.1 0.8360.32
582.2 2 15.460.9 15.760.9 1.8160.4
626.4 2 10.160.6 10.260.6 1.0360.54
242.6 2→1 43.860.0 70.760.0 0.7860.04
345.6 2→1 8.860.6 10.860.7
286.5 3 11.160.7 12.460.7
367.7 3 21.061.0 22.261.1
444.0 3 44.461.6 46.061.7 1.2660.4
510.7 3 41.861.7 42.861.7
553.2 3 8.760.5 8.860.5
566.1 3 11.060.5 11.260.5
573.1 3 29.761.1 30.361.1 1.6960.4
605.7 3 7.960.5 8.160.5
624.9 3 21.960.9 22.260.9 0.6460.8
703.8 3 7.660.5 7.760.5
790 3 1.560.3 1.660.3
334.0 3→1 5.06 6.360.0
391.2 3→1 12.060.7 14.060.8 0.3760.1
416.4 3→1 11.560.5 13.160.6 0.3460.4
428 3→1 4.560.6 5.160.7
430 3→1 7.460.7 8.360.8
413.4 3→2 8.260.5 8.560.5
319.9 4 3.160.6 3.360.6
411.4 4 11.560.8 12.060.8
471.3 4 10.860.6 11.160.6
528.7 4 10.260.5 10.460.6
578.9 4 5.460.5 5.460.5
380.4 4→2 3.460.6 4.060.7
156.3 5 101.163.2 191.966.0 0.8960.02
272.5 5 177.465.4 201.966.2 1.0460.02
367.5 5 178.065.4 188.365.7 1.0460.02
446.7 5 151.964.6 157.164.8 1.1160.03
514.9 5 120.363.7 123.263.8 0.9560.03

577.0 5 71.162.2 72.462.3 0.9060.06
635.8 5 43.461.4 44.161.4 0.9560.09
690.4 5 20.760.8 21.060.8 1.1060.15
739.2 5 9.760.5 9.860.5 1.3260.5
788 5 1.960.3 1.960.3
286.7 5→1 149.464.7 153.964.9 0.7660.12
111.1 5→2 13.060.5 17.160.6 0.8660.02
300.4 5→2 35.761.2 36.661.2 1.0260.08
419 6 4.460.3 4.560.3
490.7 6 9.960.5 10.260.5
562.5 6 21.560.8 21.960.8 1.2060.2
579.9 6 13.060.6 13.360.6
585.2 6 10.560.5 10.660.5
624 6 8.760.5 8.860.5
996.8 6→5 5.760.4 5.760.4 2.6161.5

1010.7 6→5 6.860.4 6.860.4 1.1460.6
1035.2 6→5 8.660.5 8.760.5
1063 6→5 4.960.4 4.960.4
331.1 6→7 8.260.4 10.360.6
432.6 7 8.660.6 8.960.6
506.2 7 11.160.6 11.460.6
682 7→5 4.260.4 4.460.4
703.5 7→5 9.560.6 9.860.6 0.4760.3
763 7→5 3.460.4 3.560.4
153.1 C.B. 4.260.5 9.761.1
215.5 C.B. 8.360.5 15.560.9
228.7 C.B. 9.960.7 17.161.3
232.1 C.B. 3.860.3 6
234.8 C.B. 7.660.4 12.860.7
250.2 C.B. 6.860.4 10.760.6
267.1 C.B. 7.160.4 10.460.6
280.5 C.B. 4.560.3 6.360.5
297 C.B. 3.460.3 4.660.4
305.4 C.B. 6.06 8.060.0
308 C.B. 2.860.3 3.660.4
381.6 C.B. 5.960.6 6.260.6
444 C.B. 6.560.7 6.760.7
450.3 C.B. 10.260.7 10.560.7
458.6 C.B. 7.961.1 8.161.1
484.7 C.B. 8.660.6 8.960.6
516.7 C.B 11.660.7 11.860.7
547.4 C.B. 9.660.6 9.860.6
586 C.B. 4.660.6 4.660.6
604 C.B. 8.760.7 8.860.7
h
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the energy spacing the in-band transitions are likely stretc
E2’s of a collective rotational band.

3. Bands 5–7: Positive-parity structures

For excitation energies 500,Ex,2000, theg rays in
band 5 are the most intense transitions in the nucleus. D
ratios measured for the transitions in band 5 clearly indic
that theg rays haveE2 multipolarity. Figure 6~a! shows the
spectrum from a gate on the 272.5-keVg ray. Visible in this
ed

O
te

gate are the 111.1-, 286.5-, and 300.4-keV transitions t
decay out of band 5 into bands 2 and 1. The 111.1- a
286.5-keVg rays have DCO ratios of 0.86 and 0.76, respe
tively. These values indicate that the two transitions ha
primarily DI 51 dipole multipolarity. This would set the
lowest spin of band 5 as13

2 . Further support for this assign
ment comes from the DCO measurement of the 300.4-k
transition from band 5 to band 1. This transition has a ra
of 1.0260.08. Such a ratio indicates either aDI 52 quadru-
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FIG. 5. Representative coincidence spectra
lustrating bands 1, 2, and 3 in181Au with gates
on the ~a! 342.9-keV, ~b! 331.9-keV, and~c!
391.2-keV transitions, respectively. The values
parentheses following the peak marker indica
the band~see Fig. 4! in which theg-ray transition
is found.
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pole transition or a dipole distribution of ag ray connecting
two levels of the same spin. Since the 300.4-keV transit
feeds the13

2
2 level of band 1, an assignment of13

2 for the
spin of the lowest level in band 5 is consistent with the rat
for all three decay-out transitions. Structures similar to ba
5 in 181Au are also observed in183Au and 185Au. Based on
the comparison of these bands with bands in181Au, band 5 is
also assigned positive parity. From the spin assignments,
clear that band 5 is the yrast sequence for spins21

2 and
greater.

Sidebands like 6 and 7 feeding the positive-parity yr
band are observed for the first time in Au nuclei. The tra
sitions in band 6 and 7 are clearly seen in Fig. 6~b!. The
562.5-keV transition in band 6 is the only transition in th
band where a DCO measurement is possible, and its valu
consistent with aDI 52 quadrupole assignment. Band 6
connected with band 5 by fourg-ray transitions with ener-
gies;1 MeV. These transitions are clearly observed in
gate of the 272.5-keVg ray in band 5. The peaks are show
in the inset of Fig. 6~a!. For the 1010.7-keV and 996.8-keVg
rays, a DCO measurement was possible; however, the un
tainties are large. These transitions have ratios of 1.1460.6
and 2.6161.5, respectively. These values are consistent w
the transitions beingDI 52 quadrupoles orDI 50 dipoles.
The quadrupole multipolarity was chosen based on comp
son of the intensities of theg decays at the highest levels
n

s
d

is

t
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h

ri-

band 5 with those of band 6. With the spins indicated
band 6 in Fig. 4, the 5649-keV level is the yrast level forI
5 53

2 . This is consistent with the fact that for spins. 45
2 \,

band 6 is more intense than band 5. In heavy-ion fus
reactions the yrast levels are typically the most stron
populated.

For band 7, decay-out transitions from all three lev
have been established. Multipolarity measurements were
possible for the 506- and 433-keV transitions, but the re
tive spin for band 7 is established by measured DCO ratio
the 703.5-keV decay-out transition. This ratio, 0.4760.30,
suggests that the 703.5-keVg ray corresponds to aDI 51
transition. The 703.5-keV transition, together with 763- a
682-keV g rays, has the appearance of the decay-out o
band of which only the 433- and 506-keV members are
served. Based on this appearance, a likely assignment fo
763- and 682-keVg rays isM1 and the 433- and 506-keV
transitionsE2. This leads to the proposed spin assignme
for the Ex52535 and 2969 keV levels in band 7 to beI
5 31

2 and 35
2 , respectively. The fact that the in-band tran

tions do not show the typical rotational behavior can be
plained in terms of perturbation with other levels of simil
spin. This interpretation is discussed further in Sec. V C.

4. Coupled band

A previously unobserved strongly coupled band has a
been identified. This band has the same dependence
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FIG. 6. Representative coincidence spectrum illustrating bands 5, 6, and 7 in181Au with a gate on the 272.5-keV transition. Panel~a! has
a full scaley axis to emphasize transitions in band 5, while~b! has a restricted scaley axis to observe band-6 and -7g-ray lines. Inset:
Spectral range of this projection is around 1 MeV to highlight linking transitions from band 6 to 5. The values in parentheses follow
peak marker indicate the band from Fig. 4 in which theg-ray transition is found.
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energy~H! and fold ~K! of the Spin Spectrometer as oth
bands in181Au and is assigned to the decay of this nucle
No connecting transitions have been observed that esta
the relative excitation energy or spin of the ‘‘coupled ban
with the other levels in181Au. Thus the excitation energy o
the levels in this band is based on the lowest level be
arbitrarily set to 50 keV. The spin assignments of the lev
are postulated from arguments made in Sec. V D.

V. CONFIGURATION ASSIGNMENTS

All four bands observed in183Au ~see Fig. 1! can be
shown to have a configuration that corresponds to a like b
in 181Au ~Fig. 4!. These corresponding bands have be
given the same label in their respective level schemes
illustrate their connection~e.g., band 1 in both183Au and
181Au can be interpreted as being based on aph9/2 configu-
ration!. The interpretation of these bands also follows a sim
.
ish
’

g
ls

d
n
to

i-

lar rationale. Because of this, the following discussion of
configuration assignments of the respective bands is d
together for these two nuclei.

Prolate and oblate shapes coexisting in the same nuc
have been identified in several Pt and Hg nuclei aroundN
5108. Systematic studies of the even-even Pt nuclei~e.g.,
Ref. @11#! indicate that the ground states of Pt nuclei arou
from N5100 to 108 are prolate. Likewise, prolate config
rations in even-even Hg are also minimum in energy~al-
though not the ground state! aroundN5104. Shape coexist
ence has also been observed in185Au @2# and 187Au @3#, and
examination of the trend in heavier Au nuclei~see, e.g., Ref.
@1#! provides a clear indication that the level structures o
served in183Au and 181Au originate from prolate deformed
configurations. Decoupled bands resulting fromph9/2,
p f 7/2, andp i 13/2 valence protons coupled to a prolate co
were established in185Au @2#. Potential-energy–surface ca
culations @12# indicate that corresponding prolate states
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183Au and 181Au have deformations ofb2;0.220.3. The
expected single-particle states for these nuclei can be se
Fig. 7 as those orbitals around the gap labeled ‘‘78.’’ S
cifically, single-particle orbitals that are expected to play
role are negative-parity1

2 @541#, 3
2 @532#, 1

2 @530#, and
11
2 @505# and the positive-parity12 @660# configurations. Spe-
cific spectroscopic assignments for individual bands are
cussed in the following sections.

For the following discussions it is useful to consider t
quasiparticle alignment and Routhian energies of the r
tional bands. The experimental quasiparticle alignmen
calculated asi 5I x2I ref , whereI x5AI (I 11)2K2, and I ref

5vJref(v). The functionJ ref(v) is a frequency-dependen
moment of inertia term introduced by Harris@13#: Jref(v)
5J01v2J1, whereJ0 andJ1 are parameters fit to the dat
Likewise, the quasiparticle Routhian ise85E82E ref , where
E85E2vI x , and E ref52* I ref dv52 1

2 v2J02 1
4 v4J1

11/8J0. The experimental rotational frequency (v) is cal-
culated:

v5
dE

dIx
5

E~ i !2E~ f !

I x~ i !2I x~ f !
.

The resulting calculations of quasiparticle alignment a
Routhian energy for all bands observed in the nuclei
plotted vs rotational frequency in Fig. 8.

FIG. 7. Deformed single-proton level diagram aroundZ579
calculated with the Woods-Saxon potential withb45g50.
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A. Bands 1–3: ph9/2-pf 7/2 configurations

Experiments on185Au @7,2,14# have clearly identified tha
the lowest negative-parity positive-signature rotational ba3

observed in this nucleus is based on a primarilyph9/2 qua-
siparticle configuration. Other low-lying rotational band
identified in these nuclei are based on the negative-signa
ph9/2 configuration and the positive-parityp i 13/2 orbital. The
lowest levels of the rotational bands based on these confi
rations are illustrated in Fig. 9. From a comparison of the
bands in 185Au with low-lying states in183Au and 181Au,
band 1 in these two nuclei can also be associated with
ph9/2 quasiparticle configuration. The alignment an
Routhian energies of these bands, denoted by the s
squares in Fig. 8, also support this assignment. From ang
momentum coupling rules@15#, the lowest signature of a
decoupledph9/2 rotational band would bea51 1

2 . By ex-
amining the Routhian energies in Figs. 8~c! and 8~d!, one can
see that band 1 is the lowest-energy negative-parity b

3These bands are characterized by the spins and paritieI p

5
9
2

2, 13
2

2, 17
2

2, . . . .

FIG. 8. Extracted alignment and Routhian energy for measu
rotational bands in181Au @panels~a! and ~c!, respectively#, and
183Au @panels~b! and ~d!#. The labels in the legends indicate th
bands as they are labeled in Figs. 1 and 4. The Harris refere
parameters are chosen to beJ0529.4\2/MeV and J1

5121\4/MeV3 such that the alignment of band 1 in181Au is ap-
proximately flat.
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FIG. 9. Partial level schemes of185Au, 183Au, and181Au. The excitation energy (Ex) of the 9
2

2 level above the5
2

2 ground state for185Au
and 183Au is denoted in the figure.
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observed. Based on our spin assignments, band 1 has a
nature ofa51 1

2 , which clearly conforms to the energet
cally favored signature of theph9/2 configuration.

There are two negative-paritya52 1
2 rotational bands

~bands 2 and 3! that have been identified in both183Au and
181Au. The alignment and Routhian energy for these t
bands are shown as open squares and diamonds in Fig.
is clear that neither can be associated with high-K configu-
rations such as prolateph11/2 or oblateph9/2 ~see Fig. 7!,
because of the decoupled nature of these two bands. Pos
configurations must be related to the prolateph9/2 or p f 7/2
orbitals. The energetically favored signature of thep f 7/2
band hasa52 1

2 ; this and the unfavoredph9/2 configuration
are possible configurations for bands 2 and 3. Rotatio
structures similar to bands 2 and 3 have also been obse
in 185Au, and an interpretation@2# of the bands in this
nucleus was indeed that one is the unfavored signatureph9/2
while the second structure is related top f 7/2. The bands
identified as the unfavoredph9/2 bands in185Au and 183Au
are illustrated in Fig. 9. Based on the comparison of
unfavored ph9/2 band in 185Au to band 2 in 183Au and
181Au, it is clear that such an assignment for band 2 can a
be made. By analogy, band 3 can be established as a
tional band based on thep f 7/2 configuration. Because of th
close proximity in energy of theh9/2 and f 7/2 spherical shell
states,4 the corresponding deformed single-particle config
rations of rotational bands from these orbitals are hea
mixed. As a result, special consideration is taken for
examination of other properties, such as branching ratios
band interaction, for these two bands in Sec. VI B.

As can be seen in Figs. 8~a! and 8~b!, a large increase in
alignment at\v'0.3220.33 MeV in 183Au and 181Au is
observed in bands 1 and 3. An increasing alignment is a
observed in band 2 of183Au as well as an indication that th
alignment of band 2 in181Au may be starting a significan
increase. This dramatic change in alignment is related to
well-known breaking of a pair ofi 13/2 neutrons and subse
quent arrangement of their spins along the axis of rotatio

B. Band 4

Because of the smaller resolving power of the Ge setu
the 183Au experiment compared to181Au, a band corre-
sponding to band 4 in Fig. 4 was not observed in183Au. The
weak intensity and lack of spin assignments for band 4 m

4This proximity can be seen theoretically in Fig. 7 atb250.0.
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the spectroscopic assignment of this band difficult. Since
band feeds the negative-parity band 2 rather than
positive-parity yrast-structure band 5, it is likely that band
has negative parity. The alignment and Routhian energy
extracted for band 4 assumingK5 1

2 and the spin of the
lowest level is13

2 . The results are shown as crosses in Fi
8~a! and 8~c!. As can be seen in the figure, the alignment
band 4 is gradually increasing with respect to the cho
reference and has a value at high rotational frequency th
larger than all other negative-parity states. From
Routhian energy, it may be possible that this band is
signature partner of band 3. The larger alignment of ban
compared to 3 is probably a result of a larger interact
strength in then i 13/2 crossing. The absence of transition
between bands 4 and 3 is not understood.

C. Bands 5–7: p i 13/2 band and side bands

The extracted alignment and Routhian energies for ba
5, 6, and 7 are displayed as triangles in Fig. 8. The alignm
at \v50 of band 5 in 181Au is '5.5\. If only one-
quasiparticle configurations are considered, the only orb
close enough to the181Au Fermi level with sufficient align-

ment is p i 13/2
1
2 @660#. The low-lying positive-parity rota-

tional band observed in185Au has been demonstrated as ar
ing from this orbital. Based on the alignment and comparis
with similar bands in heavier Au nuclei, it is clear that ba
5 in 183Au and 181Au is based on the one-quasipartic
1
2 @660# orbital, as opposed to a multiquasiparticle excitatio

As with band 4, structures corresponding to bands 6 an
in 181Au have not been observed in183Au. Excluding one
point in band 7, band 6 has the largest aligned angular
mentum below\v50.25 MeV with a value of'8.0\. As
observed in bands 1 and 3, band 6 also appears to be i
enced by the breaking of a pair ofi 13/2 neutrons. In view of
such a large alignment, band 6 must be based on a con
ration of at least three quasiparticles. Barket al. @16# re-
ported several positive-parity three-quasiparticle bands
177Re. In that report, the suggested configurations all
volved ani 13/2 neutron. Since a backbend occurs at a sim
rotational frequency as then i 13/2 alignment in bands 1 and 3
the n i 13/2 orbital is not part of the low-v configuration of
band 6. This is due to the fact that a one-quasiparticle oc
pation of the lowestn i 13/2 state would inhibit the norma
n i 13/2 alignment from occurring at the expected rotation
frequency. This well-known blocking effect can be seen
odd-N nuclei throughout the rare-earth region. For this re
son the configuration of band 6 being based on an i 13/2 or-
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FIG. 10. MeasuredB(M1)/B(E2) values for
~a! ph11/2 band in 177,179,181Ir, ~b! the coupled
band in 181Au, and ~c! pd5/2 bands also in
177,179,181Ir. References are provided in the text
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bital is unlikely. A possible configuration for band 6 is

rotational band built on thep 1
2 @660# ^ n 1

2 @521# ^ n 5
2 @512#

set of single-particle excitations. Rotational bands based

n 1
2 @521# and n 5

2 @512# orbitals have been observed expe
mentally in N5103181Pt @17#. The 1

2 @521# orbital is ob-
served to be the ground-state configuration in181Pt, and the
5
2 @512# orbital is observed at an excitation energy of 166
keV. Thus, these orbitals would be expected to be energ
cally favorable inN5102181Au. Additional support for this
assignment comes from the comparison of the signa
quantum number (a). The energetically favored signature

for these two configurations as well as thep 1
2 @660# orbital

are a(n f 5/2)51 1
2 , a(n f 7/2)52 1

2 , and a(p i 13/2)51 1
2 .

From the addition of these values, the favored signature
this configuration would bea51 1

2 , which corresponds to
the observed signature of band 6. Most of the alignm
would be contributed by thep i 13/2 state (;5.5\), while a
small amount would be added by then f 5/2 andn f 7/2 orbitals.
Both the1

2 @660# and 1
2 @521# configurations have a large sig

nature splitting, but there is no splitting observed for t
5
2 @512# configuration in181Pt. Thus the signature splitting o
band 6 should be determined by the5

2 @512# quasineutron,
and so one would expect that the signature partner would
observed as well. This, however, is not the case. The lik
reason why the signature partner is not observed is that
intensity of this band is too weak to be resolved with th
specific set of data.

Only three levels are observed in band 7. It can be see
Fig. 8~a! that this band is observed in the midst of an app
ent backbend. The frequency where this backbend oc
(\v'0.24 MeV! is too low to be easily considered an i 13/2
alignment. Rather than a quasiparticle alignment, ano
consideration is that some of these levels are perturbed
unobserved states, thus causing an appearance of a back
If this is the case, band 7 could be interpreted as the u
vored signature of thep i 13/2 band~band 5!. Band 7 has an
excitation of about 500 keV above band 5 in the Routh
energy plot, Fig. 8~c!. This is a comparable energy splittin
to that seen in low-K n i 13/2 bands reported in Ref.@18#. A
possible source of the perturbation would be from the un
served signature partner of band 6. Based on the excita
n
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energies of the 33/21 and 37/21 states~2809 and 3299 keV,
respectively!, the expected energy of the 35/21 level in the
~strongly coupled! signature partner would be;3050 keV.
This is less than 100 keV from the observed 35/21 level in
band 7; thus the perturbation in this band is likely the res
of an accidental near degeneracy with a level that is
unseen partner of band 6. This interaction would also exp
why a decay is observed from the 3299-keV level in ban
to the 2969-keV level in band 7. Without additional inform
tion on band 7 further conclusions cannot be drawn.

D. Coupled band: ph11/2 band

Possible spectroscopic assignments for the stron
coupled band in181Au arise from consultation of the proto
single-particle diagram of Fig. 7. Such configurations inclu
the oblate9

2 @505# state, as well as the prolate11
2 @505# and

3
2 @402# orbitals. Rotational bands resulting from oblateph9/2
orbitals have been observed as the yrast structures of m
neutron-deficient odd-A Tl nuclei @19–22#. From total
Routhian surface calculations by Wysset al. @23#, these con-
figurations in Tl are predicted to have ab2 parameter of
;0.15 ~oblate!. The energy ofg-ray transitions observed in
these bands are on the order of 700 keV for the stretc
E2’s. The oblateph9/2 configuration in Au nuclei is pre-
dicted to have a deformation similar to that of Tl; thus o
would expectg-ray transition energies to also be the sam
order. The transitions in the coupled band of181Au, how-
ever, have energies;0.6Eg(Tl); thus the oblate9

2 @505# can
be ruled out as a possible configuration.

To aid in the determination of whether the coupled ba
is prolateph11/2 or pd5/2, one can compare the extracte
B(M1)/B(E2) ratios for this band with strongly couple
bands in odd-A Ir nuclei. The resultingB(M1)/B(E2) ratios
for the coupled band in181Au are shown in Fig. 10~b!, as
well as theph11/2 and pd5/2 bands observed in177Ir @24#,
179Ir @25#, and 181Ir @26# in Figs. 10~a! and 10~c!, respec-
tively. TheB(M1)/B(E2) ratio was extracted from reporte
g-ray energies and intensities using the expression

B~M1;I→I 21!

B~E2;I→I 22!
50.693

Eg
5~ I→I 22!

Eg
3~ I→I 21!

1

l~11d2!
@m/e b#2,

~5.1!
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whereEg are theg-ray energies in MeV,l is theE2 to M1
branching ratio@5I g(I→I 21)/I g(I→I 22)#, andd is the
E2/M1 mixing ratio in theDI 51 transition. For the calcu
lations, the mixing ratiod is assumed to be zero.

The values for the coupled band in181Au are plotted in
Fig. 10, assuming the spin of the lowest level is11

2 \ as
denoted in Fig. 4. Motivation for this spin assignment
discussed below. It should be noted that theB(M1)/B(E2)
ratio is independent of the relative angular momentum of
band; thus the choice of spin will only shift the ‘‘181Au
C.B.’’ trend in Fig. 10 left or right. It can be seen in th
figure that theph11/2 configurations in Ir have ratios o
'1(m/e b)2. Thepd5/2 orbitals show a bit more scatter bu
have consistently lowerB(M1)/B(E2) ratios than the
ph11/2 states. The extracted ratios for the coupled band
181Au, indicated by the solid squares, have values that
comparable to theph11/2 bands in Ir. This provides suppo
for the assignment of the coupled band as theph11/2 configu-
ration. Additional confirmation for this assignment com
from the observation of the prolateph11/2 band in 185Au @2#.
In this case, the strongly coupled prolate band was obse
interacting with a lower-lying oblate band based on t

ph11/2
1
2 @550# orbital.

Figures 8~a! and 8~c! show the calculated alignment an
Routhian energy for the coupled band where the two
quences of stretchedE2 transitions are denoted by open a
solid circles. These calculations were made assuming the
tial spin is 11

2 and the excitation energy is arbitrarily set to 5
keV. ‘‘C.B. 1’’ denotes thea52 1

2 band (I 5 11
2 , 15

2 , . . . ),
while ‘‘C.B. 2’’ the a51 1

2 band (I 5 13
2 , 17

2 , . . . ). It is evi-
dent from this figure that the coupled band shows deviati
from strong coupling at both high and low rotational fr
quencies. The deviations at the high frequencies are pos
a result of the uncertainty of the placement of theg rays for
these weakest transitions. The deviations at low rotatio
frequencies can be interpreted as arising from the pertu
tion of these levels by the unobserved oblateph11/2 orbital.

It was demonstrated by Woodet al. @11# that the lowest
members of the ground-state rotational band in180Pt are per-
turbed by mixing of prolate and oblate configurations. T
perturbation is clearly evident in the quasiparticle Routh
energy of this band. Figure 11 shows the calculated Routh
energy of the ground-state band of180Pt as triangles. A ref-
erence was chosen such that the energies of the high
levels before the backbend are approximately flat as a fu
tion of rotational frequency. A horizontal line is drawn
illustrate the deviation of the lowest points for180Pt. As de-
noted in the figure, the deviation of the lowest point from t
reference line is;0.040 MeV. Also shown in Fig. 11 are
Routhian energies of the two stretchedE2 sequences of the
coupled band in181Au. This band is sloped because of th
alignment of the unpaired proton in Au; nevertheless
straight line can be traced through the points as a comm
reference. The deviation of the lowest point in ‘‘C.B. 1
from the coupled band reference line is;0.045 MeV. It can
be seen that the positive signature of the coupled ba
‘‘C.B. 2,’’ is not perturbed. The oblateph11/2 state is lowK
and thus would produce a decoupled rotational band.
ph11/2, the energetically favored signature would bea
52 1

2 ; thus the spins of such a band would beI 5 11
2 , 15

2 , 19
2 ,
e
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. . . . In the prolate structure, only the levels with the sa
signature would be perturbed. This provides the motivat
for the choice of spins for the perturbed band to be those
negative signature,a52 1

2 .

VI. DISCUSSION

There are two features of interest in the systematic an
sis of the high-spin level structure of the181Au, 183Au, and
neighboring nuclei. The first feature of interest is the trend
thep i 13/2 intruder band as nuclei approach and pass thro
the neutron midshell (N;104). The second point is th
somewhat rare observation of decoupled bands that ca
interpreted as pseudospin doublets~the ph9/2 and p f 7/2
bands!. These two features will be addressed in turn in t
following sections.

A. Alignment and bandhead properties
in the p i 13/2 intruder band

In this section, discussion will focus on two particul
properties of thep i 13/2 intruder band: alignment effects an
bandhead energy systematics. By studying these system
of the intruder bands in odd-A Au isotopes, one can gain
additional insight into deformation properties and quasip
ticle excitations within these nuclei. The alignment prop
ties of observedph9/2 a51 1

2 bands are also included in thi
discussion as a reference.

1. Alignment and moment of inertia of intruder bands

The quasiparticle alignment characteristics of theph9/2
andp i 13/2 bands in the neutron deficient Au region are som
what unusual and have been a subject of much debate
the years~see, e.g., Refs.@2,3,27–29#!. In particular, the de-
bate has centered around whether alignment properties
served in rotational bands in Ir, Pt, and Au aroundN;108

FIG. 11. Experimental quasiparticle Routhian energy of180Pt
compared with the quasiparticle Routhian of the coupled band
181Au. The Harris reference parameters areJ0527.47\2/MeV and
J15179.2\4/MeV3.
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FIG. 12. Panels~a!–~d!: experimental quasiparticle alignment~i! for ph9/2 and p i 13/2 rotational bands in Au for 102<N<108 and
ground-state bands~GSB! in Pt. The Harris parameters are chosen to beJ0529.4\2/MeV andJ05121\4/MeV3 such that theph9/2 band
in 181Au is approximately constant at low frequency. Panels~e!–~h!: experimental dynamic moment of inertia (J (2)) for ground-state
rotational bands~GSB! in Pt andph9/2 andp i 13/2 bands in Au for 102<N<108. The data for Pt isotopes~in order of increasingN) come
from Refs.@17,4,33,40#, and 185,187Au from Refs.@2,3#.
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are the result of a (ph9/2)
2 band crossing in addition to th

normal (n i 13/2)
2 crossing or that some other process is o

curring. The addition of181Au and 183Au to the pool of data
allows one to study the evolution of alignment with changi
neutron number. Illustrated in Fig. 12 are the quasipart
alignments~i! and dynamic moments of inertia (J (2)) for the
observedph9/2 and p i 13/2 bands in even-N Au nuclei from
181Au to 187Au. Also included in this figure arei andJ (2)

for ground-state rotational bands in corresponding Pt nuc
The dynamic moment of inertia is calculated using the d
nition in Bohr and Mottelson@30# ~Sec. 4.3!:

J ~2!5
dIx

dv
, ~6.1!

where I x and v are defined in Sec. V. This definition i
chosen because the moment of inertia contributed by an
paired particle is not present~i.e., di/dv'0).

Excluding the;6\ of alignment contributed by the od
proton in thep i 13/2 band Au, one can see by examining t
trend in alignment@Figs. 12~a!–12~d!# that there is a remark
able similarity between thep i 13/2 bands in Au compared to
the Pt core band. This is particularly true for187Au @Fig.
12~d!, N5108] compared to186Pt. The similarities are tha
the slope ofp i 13/2 alignment in Au is very similar to that o
-

e

i.
-

n-

Pt, and the interaction strength and alignment gain thro
the band-crossing region are comparable. For emphasi
this observation, the dynamic moments of inertia for the
bands are plotted in Figs. 12~e!–12~h!. Excluding the points
in the crossing region, one sees that the moment of inerti
a given rotational frequency (\v) is nearly identical for the
Au p i 13/2 band and the Pt ground-state band. The grea
difference occurs between the bands in181Au and 180Pt(N
5102), whereJ (2) at a given frequency (\v) for thep i 13/2
band is consistently lower than that of the Pt band.

One of the known properties of intruder bands is that
deformation of the nucleus is enhanced when the intru
orbital is occupied. Naturally, an increase in deformati
should also result in an increase in the moment of iner
The data presented in Figs. 12~e!–12~h!, however, appear to
contradict this in that the moments of inertia are nearly id
tical. It should be noted, however, as discussed in Ref.@25#,
that when the Fermi level is near or within the intruder sh
the core is no longer significantly affected by the orbit
Nevertheless, total Routhian surface calculations@23# still
predict that the deformation ofp i 13/2 intruder bands in Au
should be;5215 % greater than the Pt core. For examp
the predicted quadrupole deformation for thep i 13/2 band in
181Au at a rotational frequency of\v50.171 MeV isb2
50.284, while for the ground-state band in180Pt the value is
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TABLE III. Moment of inertia parameters for bands in181Au and the ground-state band in180Pt, obtained
using Eq.~6.3!.

Nucleus Configuration i (\) J0(\2/MeV) J1(\4/MeV3)

181Au ph9/2 (a51
1
2 ) 2.4560.24 29.462.3 121615

ph9/2 (a52
1
2 ) 1.8860.50 26.263.0 140612

p f 7/2 (a52
1
2 ) 1.2560.50 37.063.0 132615

p i 13/2 5.4360.27 31.662.7 136618

180Pt 0 q.p. [0 27.562.6 180617
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b250.261. This corresponds to a'9% increase in deforma
tion by occupation of the intruder orbital.

The fact thatJ (2) for the supposedly more deforme
181Aup i 13/2 band is less than the180Pt band can be under
stood by considering the moment of inertia at zero rotatio
frequency. This has been done by using an expansion o
moment of inertia to fit a plot of thekinematicmoment of
inertia (J (1)) of a particular rotational band. The kinemat
moment of inertia of a rotational band can be calculated

J ~1!5
I x

\v
. ~6.2!

Extending the development by Harris@13#, the moment of
inertia of a nuclear rotational band can here be presente

J ~1!5
i

v
1J01J 1v2, ~6.3!

wherei is the quasiparticle alignment of a state, andJ0 and
J1 represent the static and frequency-dependent terms o
moment of inertia expansion. Note that the kinematic m
ment of inertia is used, because this representation of
moment of inertia is less sensitive to subtle alignm
changes than the dynamic representation. The results of
fit for four bands in181Au and the ground-state band in180Pt
are listed in Table III.5 One can see from the results of this
that the zero-frequency moment of inertia (J0) of the p i 13/2
band in 181Au is '15% greater than that of the ground-sta
band in 180Pt but with a large uncertainty. To interpret th
properly, one must consider the dependence of the mom
of inertia on deformation. It should be noted thatJ0 not only
depends on nuclear deformation but also on the pair
energy. From the work of Belyaev@31# and Migdal@32#, it
can be shown that the static moment of inertia (J0) of nuclei
with 0.2,b2,0.4 is approximately proportional to a linea
function ofAA(b2 /D), whereA is the atomic number andD
is the total pair gap energy.6 Thus, if one considers that th
p i 13/2 orbital in Au is far enough from the Fermi surface
that blocking this orbital does not significantly reduce t
pairing energy, the difference of theJ0 value in thep i 13/2

5Also included in Table III are the results of a fit toph9/2 and
p f 7/2 bands in 181Au. These results will be discussed in Se
VI B 1.

6Bohr and Mottelson developed Eq. 4-128 in Ref.@30# from Be-
lyaev’s and Migdal’s work. A Taylor expansion of this equatio
reveals this linear relationship.
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band in 181Au compared to the ground-state band in180Pt is
indicative that that deformation of181Au when thep i 13/2

band is occupied is measurably larger than180Pt. The large
uncertainty of theJ0 extraction, however, makes this com
parison qualitative at best.

An alternative method to infer the relative deformation
a nucleus is the (n i 13/2)

2 crossing frequency (\vc). It has
been demonstrated~e.g., Jinet al. @25#! that a larger relative
deformation delays the frequency at which then i 13/2 align-
ment occurs. A difficulty arises when extracting the cross
frequency of particular bands, however, because of the
usual alignment patterns observed inN51042108. For ex-
ample, the very low frequency crossing observed in187Au
and 186Pt has been interpreted as arising from a weak in
action (ph9/2)

2 alignment@3,28,29#. The nonobservation of a
(n i 13/2)

2 crossing in these nuclei is the result of a del
caused by the occurrence of a deformed shell gap aN
5108. In addition, the alignment patterns in185Au and 184Pt
suggest that both (ph9/2)

2 and (n i 13/2)
2 crossings occur a

similar frequencies, and has been interpreted as such in R
@2,33#. In this interpretation, the interaction strength i
creases for the (ph9/2)

2 crossing inN5106 nuclei compared
to N5108, thus the reason an upbend occurs in theN
5106 nuclei rather than a backbend. The (n i 13/2)

2 crossing
is observed because the gap atN5108 has less influence an
does not significantly delay the (n i 13/2)

2 alignment.
For 182Pt @see Fig. 12~b!#, the alignment has a smoothl

increasing slope as a function of\v, but then undergoes a
sharp crossing at about\v50.32 MeV. The pattern in the
p i 13/2 band of 183Au is similar to that in 182Pt; however,
there is a small bump in alignment at about\v50.30 MeV
and the sharp crossing is somewhat delayed with respe
182Pt (\v50.34 MeV!. Cranked-shell-model calculation
presented by Jinet al. @25# indicate that the (ph9/2)

2 cross-
ing frequency becomes increasingly delayed and the inte
tion strength becomes progressively larger as neutron n
ber decreases toN5102, where these observables a
expected to be a maximum. While the (n i 13/2)

2 crossing fre-
quency is also predicted to maximize atN5102, the interac-
tion strength is predicted to be the weakest. Based on th
results, the smoothly increasing slope observed in182Pt and
in thep i 13/2 band in 183Au is the result of the beginning of a
strong interaction (ph9/2)

2 alignment. Before theh9/2 pro-
tons are fully aligned, a weak interaction (n i 13/2)

2 alignment
occurs. The reason that the (n i 13/2)

2 crossing in 183Au is
delayed with respect to182Pt is due to the larger deformatio
of the p i 13/2 configuration in183Au.
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As noted previously in this section, the alignment tren
for the p i 13/2 band of 181Au and the ground-state band o
180Pt are smoothly increasing. Unlike the bands observe
183Au and 182Pt, this increase is not characterized by a s
nificant change in the slope. Analogous to the interpreta
of 183Au and 182Pt, one possible explanation is that the i
creases observed in the181Au p i 13/2 and 180Pt bands is the
result of a very large interaction (ph9/2)

2 alignment. While
such a smooth increase is certainly difficult to justify as
alignment process, support for this interpretation comes fr
the observation of the alignment trend in theph9/2 band@see
the circles in Fig. 12~a!#. Up to \v'0.34 MeV, the align-
ment of theph9/2 band is nearly constant with frequenc
This is naturally a consequence of the choice of referen
however, it is clear that the slope of theph9/2 alignment
curve is less than that of thep i 13/2 and Pt bands. A proton
occupying theh9/2 orbital blocks the alignment process, th
a smooth increase in theph9/2 band is inhibited.

Unlike other Au nuclei, a sharp crossing is not observ
in the 181Au p i 13/2 band up to a frequency of\v'0.4 MeV;
however, a crossing is observed at\v'0.32 MeV in 180Pt.
As is the case for theN5104 nuclei, the sharp crossin
observed in180Pt is likely the result of a (n i 13/2)

2 alignment.
This crossing is not observed in thep i 13/2

181Au band, be-
cause the larger deformation of the intruder configurat
delays the crossing to a frequency that is beyond the se
tivity of the experiment.

Because of the complicated alignment processes, it is
ficult to use crossing frequency as a strong indicator of
formation. Nevertheless, the delay of the (n i 13/2)

2 crossing in
p i 13/2 bands of181Au and 183Au with respect to correspond
ing bands in Pt provides another piece of evidence of
larger deformation of the intruder configurations.

2. Bandhead energies of intruder bands

The experimental and calculated bandhead energies
known p i 13/2, ph9/2, and p f 7/2 configurations in Re (Z
575), Ir (Z577), and Au (Z579) nuclei are illustrated in
Fig. 13. For cases where the bandhead is not observed

FIG. 13. Experimental and calculated bandhead energies
ph9/2, p f 7/2, andp i 13/2 states in odd-A ~a! Re, ~b! Ir, and ~c! Au
nuclei. The data for Re istotopes~in order of increasingN) come
from Refs. @34,41,42,16,43,44#, Ir isotopes from Refs.
@35,45,42,25,26,28,46#, and 185,187Au from Refs.@2,3#.
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bandhead energies are obtained from extrapolation of the
tational band with a least squares fit to a variable momen
inertia function. Appropriate uncertainties related to the e
trapolation are noted in the figures. ForN596–102 Re iso-
topes the excitation energy of theph9/2 bands with respect to
the respective ground states is not known; however, as
ported, for example, in Ref.@34#, an upper limit of'200
keV can be placed on these bandheads based on rel
populations of high-spin states in the observed bands.
large uncertainties in thep i 13/2 bands in these same Re is
topes result from the fact that these bandheads are relativ
the ph9/2 states.

The calculated bandhead energies are the results from
extension of the macroscopic-microscopic shell correct
model discussed in Ref.@12#. Included in Fig. 13 are the
theoretical bandheads~relative to the ground state in eac
respective nucleus! for the 1

2 @660# (p i 13/2),
1
2 @541# (ph9/2),

and 1
2 @530# (p f 7/2) Nilsson configurations. This model con

sidered only axial deformations~i.e., no g degree of free-
dom!. The calculated excitation energies (dE) and deforma-
tion (b2 , b4, andb6) for these intruder as well as ground
state configurations are shown in Tables IV, V, and VI.
should be noted that the deformation parameters show
these tables are for configurations at zero rotational
quency. As a consequence, they do not necessarily repre
the deformation at larger rotational frequencies. Thus,
theoretical comparisons at high frequencies, such as th
described in Sec. VI A 1, deformation parameters are not
tracted from these tables, but rather from models where
deformation is calculated at\v'0.2 MeV.

There are several trends in the theoretical bandheads
can be noted. First, the energies of the intruder configu
tions are lowest in Au isotopes and become successi
higher in energy in Ir and Re. This is simply indicative th
the Fermi level in Au is much closer to the intruder sta
compared to the lower-Z nuclei. The bandheads of all thre
intruder configurations exhibit minima in nuclei in this re
gion. As seen in lighter nuclei, prolate collective effects a
maximum around the neutron midshell (N5104); thus it is
expected that the energy of these prolate intruder ba
would minimize in this region. One can see from Fig. 13 th
the specific point of minimization for a given configuratio
and proton value changes. For example, the energy of
1
2 @660# configuration in Re isotopes is lowest atN598,
while the orbital is lowest atN5100 in Ir andN5102 in Au.

It can be seen that the values from the theoretical ca
lations agree with the experimental results rather well. T
greatest systematic disagreement occurs in the obse
bandhead of identifiedp i 13/2 configurations in Re isotopes
This disagreement, however, may not be a shortcoming
the calculation, but rather a difficulty of the experimen
assignment of thep i 13/2 bands in Re. Barket al. @16# dem-
onstrated that, of the several low-lying positive-parity ban
observed in 177Re, none could be associated with a pu
one-quasiparticlep i 13/2 configuration, but rather all are com
plicated mixtures of three-quasiparticle bands. Barket al.
also call into question thep i 13/2 assignments in other R
isotopes. Thus it is likely that the experimental bandhe
energies shown as12 @660# configurations in Fig. 13~a! are, in
fact, bandheads of three-quasiparticle configurations.

or
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TABLE IV. Calculated bandhead excitation energies (dE), equilibrium deformation parameters (b2 , b4,
andb6) for ground-state and intruder configurations in odd-A isotopes of Re.

Nucleus V@NnzL# nV b2 b4 b6 dE ~keV!

169Re94
9
2 @514# 1 0.176 20.002 20.007 0
1
2 @541# 8 0.216 0.032 0.007 541
1
2 @530# 9 0.211 0.009 20.012 1517
1
2 @660# 10 0.235 0.055 0.015 1774

171Re96
9
2 @514# 1 0.193 20.001 20.008 0
1
2 @541# 8 0.230 0.019 0.003 276
1
2 @530# 9 0.238 0.006 20.016 1141
1
2 @660# 10 0.242 0.037 0.006 1523

173Re98
9
2 @514# 1 0.211 20.006 20.010 0
1
2 @541# 8 0.243 0.009 20.004 141
1
2 @530# 9 0.284 0.011 20.012 810
1
2 @660# 10 0.250 0.019 0.000 1439

175Re100
9
2 @514# 1 0.226 20.013 20.012 0
1
2 @541# 8 0.253 20.004 20.006 60
1
2 @530# 9 0.298 20.002 20.018 551
1
2 @660# 10 0.251 0.021 0.000 1512

177Re102
5
2 @402# 4 0.235 20.032 20.008 0
1
2 @541# 8 0.260 20.018 20.008 102
1
2 @530# 9 0.297 20.027 20.011 598
1
2 @660# 10 0.236 20.002 20.006 1883

179Re104
5
2 @402# 4 0.232 20.046 20.005 0
1
2 @541# 8 0.258 20.032 20.003 209
1
2 @530# 9 0.275 20.040 20.017 694
1
2 @660# 10 0.266 20.019 20.011 1783
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In contrast to the Re isotopes, a comparison of the ca
lated and experimentalp i 13/2 bandheads in Ir and Au iso
topes in Figs. 13~b! and 13~c! shows remarkable agreemen
The largest disagreement in the trend occurs forN598 in Ir.
As noted earlier, the theoretical calculations predicted t
the p i 13/2 configuration would minimize atN5100 in Ir;
however, thep i 13/2 orbital is observed to continue to de
crease atN598. The calculations predict that the groun
state of 173Ir is 11

2 @505#. While evidence@35# clearly indi-
cates that theph9/2 configuration in 173Ir is excited, the
ground-state configuration was not clearly established
perimentally. Nevertheless, the change in the ground-s
configuration when going from175Ir (N598) to 173Ir (N
596) is properly predicted.

B. Alignment and deformation properties in ph9/2-pf 7/2 bands

As the Fermi level increases into theph9/2 shell, the
bandhead energy becomes low enough that the unfav
signature of this intruder band is observed. As the Fe
level increases further, evidence of thep f 7/2 band becomes
apparent. In 1986, the first identification of a low-lyingp f 7/2
rotational band in a nucleus below lead was reported
185Au @2#. Since that time, ap f 7/2 band has been identified i
179Ir @25#. Two new cases are now presented for183Au and
181Au in this article.
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The ph9/2 andp f 7/2 bands have a unique relationship
neutron-deficient odd-A Au and Ir compared to other ob
served bands in these nuclei. For example, Jinet al. @25#
identified several rotational bands in179Ir with spectroscopic
assignments1

2
2@541#, 1

2
2@530#, 9

2
2@514#, 5

2
1@402#, and

1
2

1@660#. In the latter three cases, each configuration
rather pure in that each orbital has a unique combination oK

and parity. Theph9/2 ( 1
2

2@541#) andp f 7/2 ( 1
2

2@530#) orbit-
als, however, are both lowK and negative parity, and th
classification of these bands in the basis of asymptotic qu
tum numbers becomes less clear since the configurations
heavily mixed. Because of this configuration mixing, e
hanced correlations between these bands are observed
further increasing the difficulty in classifying these band
The reason for the existence of this pair of negative-pa
low-K structures is a direct result of the strong nucleo
spin-orbit coupling present in the nuclear system. Becaus
the spin-orbit coupling, theh9/2 and f 7/2 single-particle
spherical shell states are nearly degenerate in energy.
can be clearly seen atb250 in the calculated single-particl
proton level diagram~Fig. 7!. As seen in this figure, the
onset of quadrupole deformation does not break the near
generacy of the relatedph9/2 and p f 7/2 orbitals, where the
(2 j 11)-fold degenerate shells are split into doubly dege
erate states that are typically labeled by the asymptotic N
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TABLE V. Calculated bandhead excitation energies (dE), equilibrium deformation parameters (b2 , b4,
andb6) for ground-state and intruder configurations in odd-A isotopes of Ir.

Nucleus V@NnzL# nV b2 b4 b6 dE ~keV!

171Ir94
11
2 @505# 1 0.140 20.001 20.003 0
1
2 @541# 8 0.194 0.029 0.011 519
1
2 @530# 9 0.188 0.007 20.008 1374
1
2 @660# 10 0.232 0.062 0.015 1560

173Ir96
11
2 @514# 1 0.154 20.005 20.004 0
1
2 @541# 8 0.208 0.020 0.006 213
1
2 @530# 9 0.241 0.031 20.003 965
1
2 @660# 10 0.239 0.044 0.009 1166

175Ir98
1
2 @541# 8 0.220 0.010 0.001 0
1
2 @530# 9 0.259 0.020 20.009 559
1
2 @660# 10 0.244 0.031 0.003 955

177Ir100
1
2 @541# 8 0.229 0.013 20.001 0
1
2 @530# 9 0.274 0.006 20.015 340
1
2 @660# 10 0.250 0.016 20.002 931

179Ir102
1
2 @541# 8 0.237 20.014 20.004 0
1
2 @530# 9 0.279 20.009 20.017 372
1
2 @660# 10 0.275 20.009 20.015 1335

181Ir104
1
2 @541# 8 0.236 20.028 0.000 0
1
2 @530# 9 0.257 20.031 20.012 421
1
2 @660# 10 0.257 20.012 20.005 1262

183Ir106
1
2 @541# 8 0.233 20.041 0.005 0
1
2 @530# 9 0.249 20.056 20.009 456
1
2 @660# 10 0.243 20.031 0.003 1467
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son quantum numbers:Vp@NnzL#. For example,12
2@541#

and 1
2

2@530# in Fig. 7 are seen to be nearly degenerate e
up to the highest deformation.

One would expect that rotational bands based on th
orbitals would be quite similar since the configurations are
mixed. On the contrary, rotational bands from these confi
rations exhibit different properties and interact in a man
that is not readily understood. Discussion of the details
these differences follows in the sections below. Spec
properties to be addressed are the alignment trends
branching ratios of theph9/2-p f 7/2 bands, as well as the
observed interactions of these rotational structures.
properties are analyzed in the framework of cranking a
particle-rotor models. An example where mixed configu
tions of strongly coupled bands are observed are
5
2

1@402# and 7
2

1@404# rotational bands in175Re @36#.

1. Quasiparticle Routhian energy and alignment

Figure 14 shows the experimental Routhian energies
alignments for nuclei wherea52 1

2 ph9/2 and p f 7/2 bands
have been reported. Panels~1a!–~4a! indicate cranked-shel
model Routhian energies for negative-parity bands in th
nuclei. The calculation is a pairing self-consistent crank
model @37#, where the particle-hole mean field is approx
mated by anv-independent Woods-Saxon potential. The d
formations used in each nucleus were extracted from
n
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lowest (p,a)5(2,1 1
2 ) configuration from total Routhian

surface calculations@23#. These parameters (b2 , b4, andg)
for the four nuclei are listed in Table VII. The labeling fo
the theoretical bands is consistent with Ref.@2#, i.e., ‘‘a’’
labels the lowesta52 1

2 band, ‘‘b’’ the lowest a51 1
2

band, and ‘‘c’’ the second lowesta52 1
2 band. The doubly

degenerate band related to the strongly coupledph11/2 or-
bital is labeled in each panel.

From the comparison of the theoretical Routhian energ
with the experimental values, it is clear that the twoph9/2
signature partners~the squares and circles! can be associated
with the ‘‘b’’ and ‘‘a’’ configurations, respectively, in the
calculations. Not only is the converging trend of the tw
signatures toward lower frequency reproduced, but ther
good qualitative agreement of the energy splitting betwe
the bands. Of course, the calculations are made assum
that the quasiparticle mean field is the same for all confi
rations; thus such a direct comparison of states is only
propriate when deformation parameters and pairing fields
similar. The good agreement of configurations ‘‘b’’ and ‘‘a
with the experimental values clearly demonstrates the sim
deformation and pairing field between the two signatur
The comparison of ‘‘c’’ with the experimentalp f 7/2 band is
an example where the approximation of a similar mean fi
does not appear to be valid. In the calculation, the ‘‘a’’ a
‘‘c’’ configurations are nearly parallel to one another as
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TABLE VI. Calculated bandhead excitation energies (dE) and equilibrium deformation parameters (b2 ,
b4, andb6) for ground-state and intruder configurations in odd-A isotopes of Au.

Nucleus V@NnzL# nV b2 b4 b6 dE ~keV!

177Au98
3
2 @402# 6 0.117 20.008 20.001 0
1
2 @541# 8 0.195 0.018 0.002 396
1
2 @530# 9 0.251 0.028 20.005 680
1
2 @660# 10 0.244 0.026 20.001 998

179Au100
3
2 @402# 6 0.130 20.013 0.000 0
1
2 @541# 8 0.215 0.004 20.006 146
1
2 @530# 9 0.266 0.017 20.011 240
1
2 @660# 10 0.246 0.020 0.002 649

181Au102
11
2 @505# 1 0.165 20.016 0.004 0
3
2 @532# 6 0.263 20.002 20.013 4
1
2 @530# 9 0.269 20.002 20.015 65
1
2 @541# 8 0.263 20.004 20.014 240
1
2 @660# 10 0.251 0.008 20.004 596

183Au104
1
2 @541# 8 0.226 20.022 20.003 0
1
2 @530# 9 0.261 20.019 20.009 151
1
2 @660# 10 0.254 20.004 20.006 769

185Au106
1
2 @541# 8 0.223 20.038 20.001 0
1
2 @530# 9 0.148 20.033 0.003 79
1
2 @660# 10 0.250 20.020 0.004 1022
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function of\v, which is clearly not the case in experiment
observation. Larabeeet al. @2# attributed the gradually in-
creasing alignment in thep f 7/2 band of 185Au to breaking of
a pair ofh9/2 protons.

The origin of this interpretation was discussed in S
VI A 1. If the increasing alignment observed inp f 7/2 bands
is to be interpreted as a result of aph9/2 crossing, then it
would be expected that the backbending features of
p i 13/2 band would be at least qualitatively reproduced by
p f 7/2 bands. As can be seen in Figs. 14~1c!–14~4c!, the
p f 7/2 bands in all these nuclei have a gradually increas
alignment at least partially consistent withp i 13/2 systemat-
ics. Just these data alone, however, are insufficient to c
clusively state that the rise in alignment ofp f 7/2 is the result
of a (ph9/2) crossing.

An alternative interpretation is to consider that the diffe
ence in the alignments is related to shape changes. S
lifetime data7 are not available for these levels, alternati
methods must be chosen in order to infer relative deform
tions. A parameter for which a relationship with deformati
is clearly evident is the moment of inertia.8 Thus, a compari-
son of the extractedJ0 values of respective rotational band
can be related to the relative deformation difference~pro-
vided noncollective excitations do not play a significa
role!.

7From level lifetimes, one can obtainB(E2) transition rates from
which the charge quadrupole moment and deformation can be
termined in a model-dependent fashion.

8This relationship was discussed in Sec. VI A 2.
l
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As a representative example, thei , J0, andJ1 parameters
were extracted from a fit of the moments of inertia for t
three bands in181Au. The results of this fit are listed in Tabl
III. To within the uncertainties of the extraction fromJ (1),
the J0 values for theph9/2 signature partners are approx
mately the same, but thep f 7/2 band hasJ0 that is clearly
much larger than bothph9/2 values. If one assumesJ0

}b2 /D and the pair gap energy for the three bands is
same, the deformation for thep f 7/2 band is'25% greater
than that of theph9/2 configuration. While not as great a
suggested by theJ (1) analysis, a large increase in deform
tion is predicted in bandhead calculations for thep f 7/2 or-
bital compared to theph9/2 configuration~see Table VI!;
however, these calculations are not necessarily indicativ
deformations at non-zero rotational frequencies.

While it is difficult theoretically to confirm the deforma
tion difference suggested from theJ0 analysis, there is a
least one other observable that contradicts the deforma
increase. That is the frequency at whichn i 13/2 alignment oc-
curs (\vc), as discussed in Sec. VI A 1. Then i 13/2 align-
ment is observed as a backbend in thep f 7/2 band~triangles!
in Fig. 14~2c!. The beginning of then i 13/2 alignment is also
observed in theph9/2 band~squares! in the same figure. In
the case of181Au, the backbend in thep f 7/2 band occurs
earlier (\vc50.30 MeV! than for the favoredph9/2 band
(\vc50.35 MeV!, implying that thep f 7/2 band is less de-
formed than theph9/2 band.

In summary, the pattern that the alignment of thep f 7/2
band smoothly increases with respect to theph9/2 alignment
is consistent for all observed cases. This effect, howe
cannot be easily interpreted as a strongly interactingph9/2

e-
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FIG. 14. Routhian and alignment plots ofph9/2 andp f 7/2 bands for179Ir, 181Au, 183Au, and 185Au. The figures labeled~1a!–~4a! are
Routhians for negative-parity states resulting from a cranked-shell model calculation. The solid and dashed lines in~a! panels indicate state
with a51

1
2 and2

1
2 , respectively. Details of the calculation are provided in the text. Panels~b! and~c! show experimental Routhians an

alignments with Harris parametersJ0529.8\2/MeV andJ15132.1\4/MeV2. The square symbols represent thea51
1
2 ph9/2 bands, the

circlesa52
1
2 ph9/2, and the trianglesa52

1
2 p f 7/2. The crosses in~2b! and ~2c! denote band 4 from181Au.
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crossing. With the two conflicting interpretations of the d
formation, it is difficult to explain the alignment increase
a result of a deformation difference between theph9/2 and
p f 7/2 bands. The reason for this increase in alignment
mains an unresolved issue.

TABLE VII. Deformation parameters obtained from tot
Routhian surface calculations@23# for the lowest (p,a)5(2,1 1

2 )
configuration for the individual nuclei.

Nucleus b2 b4 g(°)

185Au 0.227 20.028 6.9
183Au 0.235 20.017 4.0
181Au 0.237 20.005 2.7
179Ir 0.233 20.013 3.1
-

-

2. B(M1)/B(E2) branching ratio

In the previous section, the identification of the vario
decoupled negative-parity bands was discussed. There a
number ofDI 51 transitions observed decaying from bo
the unfavoredph9/2 and thep f 7/2 band into the favored
ph9/2 band. To facilitate the discussion, we refer to tran
tions from thep f 7/2 to the favoredph9/2 band as interband
transitions and unfavoredph9/2 to favoredph9/2 as intraband
transitions. In this section, theB(M1;I→I 21)/B(E2;I→I
22) reduced transition ratios@referred to henceforth a
B(M1)/B(E2)] for these transitions in179Ir, 181Au, and
183Au are extracted from the data and compared to theor
cal models. The experimental and theoreticalB(M1)/B(E2)
ratios are illustrated in Fig. 15. Also included in this figu
are the branching ratios forph11/2 bands observed in179Ir
and 181Au. The B(M1)/B(E2) values are calculated from
the experimental data using Eq.~5.1!.
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FIG. 15. Experimental
B(M1)/B(E2) compared with
calculations for179Ir, 181Au, and
183Au. The squares correspond t
B(M1)/B(E2) values for transi-
tions within the ph9/2 bands.
Circles correspond to p f 7/2

→ph9/2 transitions, and triangles
ph11/2 intraband transitions. The
solid, dotted, and dashed lines in
dicate the results from particle
rotor calculations for theph9/2,
p f 7/2, and ph11/2 bands, respec-
tively. Details of the calculation
are presented in the text.
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The mixing ratio is not known for most transitions pr
sented in Fig. 15 and, for those bands where the mixing r
is known, the effect on theB(M1)/B(E2) ratio is less than
10%. Since this effect is less than the uncertainty in m
values, and to maintain consistency where the ratios are
known,d was assumed to be zero in Eq.~5.1!.

A comparison of the experimental transition ratios of t
interband and intrabandg rays indicates that the interban
rates are larger than the intraband values in181Au and 183Au.
These transition rates are reversed in179Ir. The expectation
is that transition matrix elements between signature part
would be the largest since the wave functions of these ba
essentially differ by only a rotation. Interband transitio
would occur as a result of configuration mixing, but the
rates are in general smaller than for intraband transition
is clear that the wave functions of thep f 7/2 andph9/2 bands
are very mixed and thus strong interband transitions
likely, but it is unexpected that these interband transitions
stronger than the intraband transitions. Theoretical calc
tions were performed for these bands so that this prob
could be better understood.

A particle-rotor model with a Woods-Saxon potential
used in the calculation of the theoreticalB(M1)/B(E2) ra-
tios. The deformation of the core was chosen from theTRS

predictions for the lowest (p,a)5(2,1 1
2 ) configuration for

the individual nuclei. These are the same parameters ch
for the cranked-shell model calculations in Sec. VI B 1 w
the exception thatg was set to zero for all three nuclei. Sinc
g was predicted to be less than 5° for all three, this is
reasonable assumption. In this model, the valueE(21

1), the
excitation energy of the first 21 level in the effective core, is
required for parametrizing the effective core. To estim
this parameter, we use the Grodzins formula

E~21
1!5

1225

b2A7/3
. ~6.4!

For 179Ir and 181Au, the deformations of theph9/2 bands
were used for the core to calculate the matrix elements
ph11/2 bands. From the output of the model calculations
clear identification of ap f 7/2 and a52 1

2 ph9/2 band could
not be established, because the two configurations ar
mixed. For purposes of comparison, the lower energy lev
io
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of a given spin are defined as the unfavoredph9/2 band and
conversely the higher levels thep f 7/2 band. The results of
these calculations for theph9/2 andp f 7/2 band are denoted
as solid and dotted lines, respectively, in Fig. 15. The res
for the ph11/2 bands are shown as dashed lines.

In the case of181Au, theB(M1)/B(E2) ratios are repro-
duced very well, showing that it is logical for the interban
transitions to be stronger than the intraband. The ratios
also reproduced at least qualitatively for183Au. For 179Ir,
these values are less well predicted. While it is possible
make some comparisons of the calculations to the exp
mental data, a detailed analysis is difficult. The very differe
alignment between thep f 7/2 andph9/2 bands, for example
is not reproduced. In addition for this calculation, the m
ment of inertia of the core was dictated by the hydrodynam
relation,J;b2

2, and was assumed to be constant. It is th
not expected that the levels within a rotational band are w
reproduced. As a consequence, the predicted level sche
for 179Ir and 183,181Au poorly reproduce the observed ener
levels. Nevertheless, theB(M1)/B(E2) ratios resulting from
these calculations indicate that, due to the large amoun
configuration mixing, transition rates for both interband a
intrabandg rays are of the magnitude observed in expe
ment.

3. Interaction betweena52 1
2 bands

As indicated previously, the two negative-signature ban
of the ph9/2-p f 7/2 system are seen to interact in all four
the nuclei presented here. In some cases, the energy le
for the particular bands are highly perturbed by the inter
tion, e.g., 185Au, while for other nuclei the levels are negl
gibly perturbed, e.g.,181Au. It was recently reported by Re
viol et al. @38# that the magnitude of the level perturbation
proportional to the interaction strength and the levels o
rotational band can be transformed by the formula

D4E5
1

16
@Eg~ I 14!24Eg~ I 12!16Eg~ I !24Eg~ I 22!

1Eg~ I 24!#. ~6.5!

Figure 16 shows theJ (2) andD4E values for the negative
signature bands in179Ir, 181Au, 183Au, and 185Au. The dy-
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FIG. 16.J (2) andD4E vs spin
~I! for a52

1
2 ph9/2-p f 7/2 bands

in 179Ir, 181Au, 183Au, and 185Au.
The circles represent theph9/2

band and the triangles correspon
to p f 7/2. The lower panels indi-
cate theJ (2) calculated from ob-
served bands using Eq.~6.1!, and
the upper panels representD4E
staggering extracted from exper
mental levels using Eq.~6.5!.
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namic moment of inertia,J (2), is very sensitive to perturba
tions in the energy levels of rotational bands, and this can
readily observed in Fig. 16 by the large fluctuations in t
moment of inertia of the bands. Because of the gradu
increasing nature ofJ (2), however, it is difficult to quantify
a relative stagger between the different nuclei. The quan
D4E is essentially a fourth-order derivative of the given r
tational band; thus the gradually rising feature ofJ (2) is
averaged out, and a staggering related to the level pertu
tions is all that remains. As is illustrated in Fig. 16, th
interaction between theph9/2 and p f 7/2 bands is largest in
185Au where the staggering is as great as 16 keV. For179Ir
and 183Au, the interaction is about 60% that of185Au. In
181Au, the staggering is essentially zero at the point wh
the two bands cross~levels 15

2 and 19
2 ). This indicates that

there is only a very small interaction between the close-ly
ph9/2 andp f 7/2 bands in181Au.

The reason for this weak interaction in181Au may be
related to the point where theph9/2 and p f 7/2 bands cross.
The unfavoredph9/2 and p f 7/2 bands cross at about sp
19
2

2. This compares with a crossing at about23
2

2 to 27
2

2 in
the other nuclei. This can be seen in Routhian space as
The rotational frequency at which the two bands cross can
determined from Figs. 14~2b!, 14~3b!, and 14~4b! for 181Au,
183Au, and 185Au to be 0.20, 0.21, and 0.22 MeV, respe
tively. Thus, for progressively higher rotational frequenci
the interaction strength increases. As with the other asp
of the ph9/2-p f 7/2 system, this is a feature that is not ful
understood, and cannot be reproduced by the present mo

VII. CONCLUSIONS

Excited rotational states in181,183Au have been observe
for the first time and have allowed the study of prolate d
formations in Au nuclei across the neutron midshellN
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5104). Four rotational bands have been established
183Au. These bands are all identified as being based upon
intruder configurationsph9/2 ~two signatures!, p f 7/2, and
p i 13/2. Bands based on these four configurations have a
been seen in181Au; however, four additional structures hav
been discovered in this nucleus. One band~band 6 in Fig. 4!
has been identified as a three-quasiparticle structure base
a p i 13/2^ n f 5/2^ n f 7/2 configuration. At the highest excitatio
energies observed (Ex.;4000 keV!, this three-
quasiparticle band is the most intense, and this is due to
fact that it is the yrast configuration atI 5 53

2 .
A signature partner to this band has not been observ

but indications of its existence are seen as perturbation
the levels in band 7 of Fig. 4. A strongly coupled band
181Au is identified as a prolateph11/2 structure; however,
perturbations at the bottom of this band clearly indicate m
ing with an unobserved oblateph11/2 structure that is also
expected to be rather low in energy in this region. A defin
assignment could not be made for the weakly populated b
4; however, a possible configuration is the unfavored sig
ture of thep f 7/2 band.

The alignment and moment-of-inertia properties of t
p i 13/2 bands in odd-A Au nuclei from N5102 to N5108
were compared with the favored-signatureph9/2 configura-
tions in the respective nuclei as well as the ground-state
tational bands in the correponding Pt core nuclei. From t
comparison, it was seen that the alignment trends of
p i 13/2 structures are remarkably similar to that in Pt groun
state bands. This is in contrast to theph9/2 bands which have
a much different alignment trend. This difference can be
terpreted as a result of a strongly interacting (ph9/2)

2 band
crossing. This aligning process is blocked in theph9/2 bands,
but is manifested as a gradually increasing alignment in
tational structures where this configuration is not blocked

Results from total Routhian surface calculations indic
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that the occupation of thep i 13/2 configuration in 181Au
should produce a deformation enhancement of'9% com-
pared to that of180Pt. This enhancement can be demo
strated qualitatively, by comparing the moment of inertia e
trapolated to zero frequency (J0) for the p i 13/2 band in
181Au and the ground-state band in180Pt. From this compari-
son an'10% largerJ0 value is seen in181Au. The large
uncertainty inJ0 from this extraction does not make th
analysis conclusive; however, a comparison of the (n i 13/2)

2

crossing frequencies in these bands provides another ind
indication of the relative deformation. The delay of th
(n i 13/2)

2 crossing in181Au, as well as183Au, with respect to
the ground-state bands in180Pt and182Pt, respectively, illus-
trates the deformation enhancement induced by the occ
tion of an intruder band.

To examine the trend of intruder states through the n
tron midshell, we compared the experimental bandhead
ergies of thep i 13/2, ph9/2, andp f 7/2 configurations in Re,
Ir, and Au isotopes with calculations using a macroscop
microscopic shell-correction model. The downsloping tre
in the p i 13/2 bands as the neutron midshell is approache
very well reproduced in Au and Ir. The results appear l
good in Re nuclei, but this is likely the result of mixing o
multiquasiparticle configurations, which is not accounted
in the model.

The unique interaction properties betweenph9/2 and
p f 7/2 were also studied. It is seen that the alignment trend
the p f 7/2 band in the three known cases in Au isotopes
well as the one Ir case shows an upsloping character c
pared to the two signatures of theph9/2 configuration. This
trend is similar to what is seenp i 13/2 bands, and thus the
trend can be interpreted as (ph9/2)

2 alignment; however,
there is insufficient data to make a conclusive statemen
that effect.

To better understand the quasiparticle makeup of th
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mixed ph9/2 andp f 7/2 configurations, we compared the e
perimentalB(M1)/B(E2) decay ratios from thep f 7/2 and
ph9/2 a52 1

2 band to theph9/2 a51 1
2 states in181,183Au

and 179Ir with the results of particle-rotor calculations. Th
experimental values were reproduced by the theoretical
culations quite well for181,183Au. TheB(M1)/B(E2) calcu-
lations compared less well in the more difficult case of179Ir,
but the qualitative agreement was still rather good. In
case, however, could the complex alignment patterns
served between theseph9/2 andp f 7/2 bands be reproduced

As a final illustration of the complexity of theph9/2 and
p f 7/2 interaction, the experimentalJ (2) are shown togethe
with D4E ~a quantity chosen to illustrate the perturbations
levels from a smoothly increasingJ (2)) values of ph9/2
a52 1

2 andp f 7/2 bands in181,183,185Au and 179Ir. From this
comparison, it can be clearly seen that the interact
strength between these two rotational bands is largest
185Au where the levels are significantly perturbed from
smoothly increasing reference. This interaction strength
creases as one goes to181Au, where there is very little per-
turbation in the levels. The reason for this change in inter
tion strength is not understood, and cannot be reproduce
any of the models that were tested.

These studies of183Au and 181Au have yielded much in-
formation that helps confirm existing theories and increa
our understanding of intruder bands; however, as so o
happens, additional unexpected results yield more quest
that remain to be answered.
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@42# 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. C52, R450~1995!.

@43# Ts. Venkova, T. Morek, R. M. Lieder, W. Gast, G. Hebbin
haus, A. Kramer-Flecken, W. Urban, G. Sletten, and K.
Maier, Z. Phys. A334, 385 ~1989!.

@44# A. Neskakis, R. M. Lieder, H. Beuscher, W. F. Davidson, M
Muller-Veggian, and C. Mayer-Boricke, Nucl. Phys.A261,
189 ~1976!.

@45# B. Cederwall, R. Wyss, A. Johnson, J. Nyberg, B. Fant, A.
Bruce, J. N. Mo, and J. Simpson, Phys. Rev. C43, R2031
~1991!.

@46# D. L. Balabanski, W. Gast, G. Hebbinghaus, A. Krame
Flecken, R. M. Lieder, T. Morek, T. Rzaca-Urban, H. Schna
and W. Urban, Z. Phys. A332, 111 ~1989!.


