
PHYSICAL REVIEW C JANUARY 1996VOLUME 53, NUMBER 1
Superdeformation in bismuth
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High angular momentum states in1952197Bi are populated in two reactions:183W(19F,xn!2022xBi and
181Ta(20Ne,xn!2012xBi at beam energies of 108 and 123 MeV, respectively. Gamma rays were detected using
the Gammasphere array. Three weakly populated rotational sequences have been found. They each have
properties characteristic of other superdeformed bands in this mass region. On the basis of cross-bombardment
information we believe that one band belongs to each of195Bi, 196Bi, and 197Bi. The properties of the bands in
the odd-Bi nuclei are best reproduced if the odd proton occupies the favored signature of the@651#1/2 orbital,
while the band in196Bi has this same proton configuration coupled to an additionalN57 ( j 15/2) neutron. The
relative behavior of theI(2) moments of inertia can be qualitatively understood in terms of Pauli-blocking
effects.

PACS number~s!: 21.10.Re, 27.80.1w, 23.20.Lv
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I. INTRODUCTION

Superdeformation in the mass-190 region was first
served in191Hg @1#, and since then over 40 superdeform
~SD! bands have been found in the Au, Hg, Tl, and Pb nuc
@2#. A striking difference between the SD nuclei of th
A;190 region and those in other mass regions is in
behavior of the dynamic moment of inertiaI(2) as a function
of rotational frequencyv. SD bands in nuclei of the lighte
A;130 andA;150 mass regions haveI(2)’s which display
pronounced differences from nucleus to nucleus, while
majority of bands in theA;190 region shows the sam
smooth rise inI(2). This behavior ofI(2) has been inter-
preted@3,4# as resulting from the gradual alignments of pa
of nucleons occupying specific high-N intruder orbitals
~namely, j 15/2 neutrons andi 13/2 protons! in the presence of
weak pair correlations. In this picture, Pauli blocking
high-N intruder orbitals should flatten theI(2). In the odd-
odd Tl isotopes blocking of both the intruder quasiproton a
quasineutron alignments~double blocking! has been sug-
gested as the mechanism responsible for the reducedI(2)

slope observed for some of the bands@5,6#. In the odd-Hg
@7,8# and odd-Pb@9,10# nuclei single blocking of theN57
quasineutron alignments is thought to be responsible for fl
tening theI(2) of some bands.

Many theoretical calculations~see, e.g.,@11–13#! predict
well-defined secondary SD minima persisting in the bism
and polonium nuclei. However, until recently no superd
formed bands, in theA;190 region, had been found in nu
clei with Z.82. In an earlier Rapid Communication@14# we
530556-2813/96/53~1!/117~7!/$06.00
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gave a preliminary report of part of this work and describ
two new SD bands which could be unambiguously assign
to the Bi nuclei. This observation represented confirmat
of these long-standing predictions. It should also be no
that a candidate for a SD band in198Po has recently been
reported@15#. In this follow-up paper we describe result
from two experiments aimed at investigating superdeform
tion in 1952197Bi. In addition to the two bands reported i
@14#, a third SD band has been found. The isotopic and c
figuration assignments of these bands are discussed. Cra
Woods-Saxon calculations are presented and it is shown
the relative behavior of theI(2)’s for these bands can be
qualitatively understood in terms of Pauli-blocking effect
Our results provide important information on the nature
the proton orbitals aboveZ582 at large deformation
(b2.0.48!.

II. EXPERIMENTAL DETAILS

Two reactions were used to populate high-spin states
1952197Bi. The beams were provided by the 88-Inch Cycl
tron facility at the Lawrence Berkeley Laboratory. Gamm
rays were detected with the Gammasphere array@16# which,
for these experiments, comprised 36 Compton-suppres
large-volume~photopeak efficiency;75–85% at 1332 keV!
HPGe detectors. Fifteen detectors were situated at forw
angles, 15 at backward angles, and the other 6 at 90° rela
to the beam axis. The first reaction was

183W~19F,xn!, Eb5108 MeV. ~1!
117 © 1996 The American Physical Society
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118 53R. M. CLARK et al.
It was aimed at populating states in196,197Bi. The target con-
sisted of 23300 mg cm22 stacked183W foils mounted on
thin carbon backings. A total of 83108 three- and higher-
fold events were collected. The second reaction was

181Ta~20Ne,xn!, Eb5123 MeV. ~2!

It was aimed at populating states in195,196Bi. The target con-
sisted of 23350mg cm22 self-supporting181Ta foils. A total
of 93108 three- and higher-fold events were collected. Th
data were analyzed off line by sorting events inEg1-Eg2-
Eg3 cubes and gatedEg1-Eg2 matrices.

III. RESULTS

In total, three sequences ofg rays, with properties char-
acteristic of SD bands in this mass region, have been
served. Spectra showing the bands are presented in F
1–3. In each case the spectra were formed using comb
tions of double gates on threefold coincidence data. A glo
background subtraction was taken using a fraction of t
total projection. This method was found to be consisten
better than using a local background subtraction. The tran
tion energies and relative intensities of the sequences
summarized in Table I. Before discussing each of the ban
in detail a few general comments should be made.

The relative intensities of the in-band transitions~see
Table I! show behavior similar to all the SD bands in th
A;190 region. The band is populated over a few transitio
at the top before reaching a region in which the feeding
complete and the in-band intensity is constant. The band r
idly depopulates from the lowest one or two observed stat
This behavior, combined with the observed similarities of t
transition energies to SD bands in neighboring nuclei, led
the conclusion that the new sequences are SD bands.
cause of insufficient statistics~largely because of the low

FIG. 1. A sum of double-gated spectra from threefold coinc
dence data for band 1. The gates used were of varying widths
they included all members of the band except the 420.6 keVg ray.
The transition energies are given in keV. The transition mark
‘‘ 195Bi’’ is the known 391.7 keV~17/21→15/22) g ray in 195Bi
~see text!. The inset shows the region of the spectrum around th
rays. The approximate position of Bi and TlKa andKb x ray lines
is indicated.
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number of detectors at 90°), it has proved impossible
perform a directional correlation analysis to determine th
multipolarities of the in-band transitions for any of the new
sequences.

Unfortunately, the decay schemes for low-lying states i
1952197Bi are not well known@17–19#. In addition, there are
long-lived isomers at low spin in these neutron-deficient B
isotopes. A particular problem comes with196Bi since only
two g rays are known@18#, both of which deexcite isomeric
states. Since both our reactions used thin targets, it was
possible to empirically determine the relative populations o
the open channels in each reaction. Statistical model calc
lations were used to predict the dominant open channels. F
reaction ~1! the four most populated channels were197Bi
~54%!, 196Bi ~28%!, 194Tl ~7%!, and 193Tl ~4%!. Similarly
for reaction ~2! the four dominant channels were195Bi
~46%!, 196Bi ~26%!, 193Tl ~12%!, and 192Tl ~6%!. Gener-
ally, what was observed in the experiment was in fair agre
ment with the predictions although the charged particle cha
nels may have been underestimated in the calculations.
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FIG. 2. ~a!: A sum of double-gated spectra from threefold coin
cidence data for band 2 formed using data from reaction~1!. ~b! A
sum of double-gated spectra from threefold coincidence data f
band 2 formed using data from reaction~2!. The gates used were of
varying widths and they included all band members up to the 495
keV g ray. The inset shows the region of the spectrum around the
rays.
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53 119SUPERDEFORMATION IN BISMUTH
was found empirically that no195Bi lines could be seen in
data from reaction~1!, while no lines from197Bi could be
seen in the data from reaction~2!. 193Tl was populated in
both reactions and known energies of193Tl yrast transitions
@20# were used to check the relative energy calibrations
the data.

Consistent coincidences with Bi x rays were establish
for each of the bands. This is demonstrated by the insets
Figs. 1–3 which show the region of each spectrum arou
the x rays. Note that in the first experiment Ta absorbe
were in front of the detectors while for the second expe
ment the absorbers were removed to facilitate detection
the x rays. Hence for Figs. 1 and 2~b! the lines associated
with the lower energyKa x rays have larger intensity than
the lines associated with theKb lines.

FIG. 3. A sum of double-gated spectra from threefold coinc
dence data for band 3. The gates used were of varying widths
included all members of the band except the 269.6, 310.0, a
507.1 keVg rays. The transition energies are given in keV. Th
inset shows the region of the spectrum around the x rays.

TABLE I. Energies and relative in-band intensities~corrected for
detection efficiency and internal conversion! for the three SD bands.
Energies are given in keV.

Band 1 Band 2 Band 3

Eg I Eg I Eg I

166.2~3! 80~10! 186.7~5! 66~7!

261.5~5! 104~10! 208.0~3! 101~5! 229.1~5! 109~10!
301.4~5! 93~10! 249.7~3! 96~5! 269.6~5! 103~10!
341.9~5! 104~10! 291.3~3! 109~7! 310.0~5! 94~10!
380.7~5! 100~10! 332.6~3! 91~5! 351.1~5! 98~10!
420.6~5! 96~10! 373.8~3! 103~5! 390.7~5! 97~10!
457.9~5! 84~10! 414.3~3! 85~5! 430.8~5! 87~8!

495~1! 33~8! 455.0~3! 89~5! 468.5~5! 46~8!

495.2~3! 81~5! 507.1~5! 56~8!

535.4~3! 70~5! ~545! –
574.3~3! 46~5!

614.3~5! 42~5!

653~1! 19~5!
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A. Band 1

A spectrum of this previously unobserved band is show
in Fig. 1. It consists of seven mutually coincident transition
~see Table I!. This band was only seen in data from reactio
~2!. The known 391.7 keV~17/21→15/22) transition of
195Bi @17# is seen consistently in spectra formed using
variety of combinations of gates on the band members. Ho
ever, the intensity of this line is always larger than the in
band intensity, possibly suggesting contamination of gat
The large intensity of the 392 keVg ray can be seen clearly
in Fig. 1. From the above information we favor the assig
ment of this band to195Bi. We estimate that the band has a
intensity of;0.7% relative to the intensity of the known 888
keV ~13/21→9/22) transition in 195Bi @17#. This transition
is thought to take 100% of the total channel strength, but t
transition lies below several isomers and we may not be s
ing the full intensity of this line in our data. Therefore, th
figure of 0.7% should be regarded as an upper limit on t
SD band intensity. No strongly coupled signature partner
this band could be found in the data.

B. Band 2

This band was previously reported@14# and tentatively
assigned to197Bi. This assignment was based solely o
analysis of the data from reaction~1!. However, we also see
this band in the data from reaction~2!. Spectra formed from
both sets of data are presented in Fig. 2. Using the comm
calibration to 193Tl lines we find the energies of transitions
from the two sets of data have a rms deviation of less th
0.7 keV. On the basis of this observation, we conclude th
we are seeing only one band in the two data sets~not two
‘identical’ bands, although this possibility cannot be com
pletely ruled out! and that it belongs to196Bi ~the only Bi
isotope populated appreciably in both reactions!.

This is the strongest band populated in both sets of da
Note that a spectrum of this band formed from triple gates
quadruples data from reaction~1! can be seen in Fig. 1~a! of
@14#, and shows the topmost transitions more clearly. Th
other bands were too weak to be seen in a quadruples an
sis. Using spectra formed under similar gating conditions w
find that the band has;1.5 times the intensity of band 1 as
seen in the data from reaction~2!, and;1.9 times the inten-
sity of band 3 as seen in the data from reaction~1! ~see
below!. Therefore, if we assume that the different channe
are populated as predicted by the statistical model calcu
tions, then this band has an upper limit on its intensity
;2% of the 196Bi channel. No strongly coupled signature
partner to this band could be found, although it should b
noted that band 3 starts close to the half-points of the ba
~see Table I! but increasingly deviates from them at highe
transition energies.

C. Band 3

This band was also previously reported@14# and tenta-
tively assigned to197Bi. A spectrum of the band is presented
in Fig. 3. Since it is only seen in the data from reaction~1!,
we still favor the assignment of this band to197Bi. However,
no coincidences with known197Bi lines @19# could be estab-
lished, and the assignment to197Bi must remain tentative.
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FIG. 4. Plot of theI(2) moments of inertia as
a function of rotational frequency for~a! band 1
(195Bi! and 193Tl~1!, ~b! band 2 (196Bi! and
195Pb~1!, ~c! band 3 (197Bi! and 195Tl~1!.
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We estimate that the upper limit of the intensity of this ban
is ;0.6% relative to the known 405 keV~17/21→13/21)
transition in 197Bi @19#. This transition takes 100% of the
total channel intensity, but again isomers lie above this tra
sition and we may not be seeing the full intensity of this lin
No strongly coupled signature partner band could be foun

IV. DISCUSSION

Figure 4 shows plots of theI(2) moments of inertia for the
bands and also those for several known SD bands in nea
nuclei. Bands 1 (195Bi! and 3 (197Bi! haveI(2)’s which are of
a very similar magnitude and slope to those of bands in th
odd-Tl isotones@21,22# (193Tl and 195Tl, respectively!. The
transition energies of band 1 (195Bi! are offset by a roughly
constant amount~17~2! keV! from band 1 in 193Tl, while
band 3 (197Bi! has ‘‘identical’’ transition energies~to within
62 keV! of band 1 in195Tl. Band 1 (195Bi! also has transi-
tion energies close to those of a band in194Pb~band 2b using
the nomenclature of@23#!. The relationships between the
bands described above are illustrated in Fig. 5 which pl
the differences in transition energies for the different pairs
bands as functions of rotational frequency. We do not inte

FIG. 5. Plots showing the difference in transition energies b
tween ~a! band 3 (197Bi! and 195Tl~1! ~open circles!, ~b! band 1
(195Bi! and 193Tl~1! ~open triangles!, ~c! band 1 (195Bi! and
194Pb~2b! ~solid triangles!.
d

n-
e.
d.

rby

eir

ots
of
nd

to discuss the occurrence of ‘‘identical’’ SD bands~which is
a topic of considerable current interest; see, e.g.,@24–26#!;
we simply wish to point out that the phenomenon exten
into the Bi isotopes. Band 2 (196Bi! has aI(2) which has a
reduced slope when compared with that of any of the ot
bands for frequencies abovev;0.2 MeV\21. However, it is
of a comparable magnitude to the other bands and still d
plays a rise with increasingv.

The configuration of a SD band in an odd-Bi nucleus m
be thought of in terms of an additional proton coupled to t
neighboring even-Pb SD core. Figure 6~a! presents a single-
particle Woods-Saxon calculation@27# for protons with de-
formation parametersb250.48,b450.07, andg50° ~a rep-
resentative deformation for SD bands in theA;190 region;
the values come from the calculations described in@12#!. The
calculation indicates that the@514#9/2 and@651#1/2 orbitals
lie just above theZ582 subshell closure. Pairing plays a
important role in determining the behavior of SD bands
the A;190 region. Presented in Fig. 6~b! is a quasiproton
Routhian diagram calculated for the parametersb250.48,
b450.07,g50°, andDp5DBCS(v50!. The calculation in-
dicates that the@642#5/2, @514#9/2, and@651#1/2 are all pos-
sible one-quasiproton excitations.

The @642#5/2 (i 13/2) quasiparticle excitation is predomi
nantly ‘‘holelike’’ in character. It is below theZ582 subshell
gap in the unpaired picture@see Fig. 6~a!# but with the intro-
duction of pairing, and hence a smearing of the Fermi s
face, it becomes a feasible orbital for a quasiparticle exc
tion. Note that, although the calculations presented h
suggest that it is a low one-quasiproton excitation, chan
in the nature and strength of the pairing and in the position
the proton Fermi level could change the excitation ene
appreciably. Indeed, we find that with small changes in
chemical potentiall and in the pair gapD the relative posi-
tions of the@642#5/2 and@651#1/2 orbitals can be inverted
@see Fig. 3~b! of @14##. The implication of this is that it is not
possible to be certain which orbital is lowest in energy.

Signature-partner pairs of bands based on the@642#5/2
orbital are observed in193,195Tl @21,22,28,29#. Each band in
the pair is populated with similar intensity and strong dipo
cross talk between the signature-partner bands is obse
@28,29#. The weakness of the bands as seen in the pre
data means that one would not reasonably expect to see
dence of cross-talking bands. However, one would expec

e-
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53 121SUPERDEFORMATION IN BISMUTH
find evidence for a strongly coupled signature-partner s
quence of similar intensity. Therefore, the lack of observ
tion of signature-partner sequences for the bands
195,197Bi ~bands 1 and 3, respectively! implies that the con-
figurations of these bands probably do not involve th
@642#5/2 orbital.

A similar argument applies for the@514#9/2 state which
should give rise to a strongly coupled structure wi
K59/2 @two signature partners with very little signatur
splitting and populated with similar intensities; note also th
the strong coupling model predicts a largeB(M1) strength
(;1.9mN

2 ) @30# which should lead to strong dipole ‘‘cross
talk’’ transitions between the two signature partner band#.
Furthermore, the two signature partners should haveI(2) mo-
ments of inertia similar to those of the yrast SD bands in t
neighboring even-Pb core (194Pb and 196Pb for 195Bi and
197Bi, respectively! @31,32,23,33,34# since the intruder occu-
pation is the same. None of these features are displayed
the bands we observe.

The @651#1/2 (i 11/2) level is the most plausible one-
quasiproton excitation. This strongly aligned orbital is e
pected to exhibit immediate signature splitting with th
a521/2 partner being favored. As the rotational frequen
increases the splitting is expected to increase@see Fig. 6~b!#.

FIG. 6. ~a! Cranked Woods-Saxon single-particle diagram f
protons. The deformation parameters used wereb250.48,
b450.07, andg50.0°. ~b! Cranked Woods-Saxon quasiparticl
diagram for protons. The deformation parameters used were
same as those above, while the pairing parameter was take
Dp5DBCS(v50!. Parity and signature (p,a) of the levels are in-
dicated in the following way: solid line5~1,11/2!, dotted line
5~1,21/2), dot-dashed line5(2,11/2), and dashed line5
(2,21/2).
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The SD band based on the favored signature of this orbit
should be more intensely populated than the unfavored ban
This provides an explanation for our observation of only one
SD band in195Bi and 197Bi. In addition, the alignment of this
orbital is similar to that of the@642#5/2 levels. This provides
a qualitative explanation for the observed similarity in the
magnitude and slopes of theI(2)’s for the bands in the
odd-Bi and odd-Tl isotopes~see Fig. 4!. Therefore, from the
above considerations, we propose that the bands observed
195,197Bi are based on this configuration.
For 196Bi an odd proton and an odd neutron must be

coupled to the even-194Pb core. Presumably the odd proton
occupies the same@651#1/2 orbital as in the neighboring
odd-Bi isotopes. As described in Sec. III, the band in196Bi
~band 2! is the strongest SD band seen in the data and n
unsplit signature partner band could be found, suggestin
that this band can be associated with a strongly rotation
aligned neutron orbital. A single-particle Woods-Saxon cal
culation for neutrons, with the same deformation paramete
as for the proton calculation@see Fig. 6~a!#, is presented in
Fig. 7~a!. A quasineutron Routhian plot is shown in Fig. 7~b!.
Feasible one-quasineutron excitations involve the@512#5/2,
@624#9/2, and@752#5/2 orbitals.

Bands based on the@512#5/2 and @624#9/2 levels have
been observed in the isotones193Hg @35–37#, 194Tl @6#, and
195Pb @10#. They have been found to form, as expected from
the calculation@see Fig. 7~b!#, strongly coupled signature-
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e
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FIG. 7. ~a! Cranked Woods-Saxon single-particle diagram for
neutrons.~b! Cranked Woods-Saxon quasiparticle diagram for neu
trons. The deformation parameters used were the same as those
Fig. 6. The pairing parameter for the quasiparticle diagram wa
taken asDn5DBCS(v50!. Parity and signature are indicated in the
same way as Fig. 6.
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122 53R. M. CLARK et al.
partner pairs of bands with little signature splitting.~Dipole
cross talk has also been observed between several pairs
these bands.! Clearly, this observation implies that the con
figuration of the band we see cannot involve either of the
orbitals.

The @752#5/2 (j 15/2) orbital is predicted to be the most
favored quasineutron excitation. Pronounced splitting b
tween the two signatures of thisN57 level is predicted to
occur witha521/2 being favored. This is consistent with
our observation of only one band. Note that in195Pb @10#
(Z582, N5113) it is the favoredN57 signature-partner
band that is most intensely populated. The unfavored sign
ture partner has only.0.5 the intensity of the favored band.
Furthermore, the SD bands in195Pb which are based on the
N57 levels have very flat moments of inertia~a Pauli-
blocking effect; see below!. This is shown in Fig. 4 which
plots theI(2) of the 196Bi band with that of the favoredN57
band of 195Pb. This feature ties in with our observation of a
much reduced slope of theI(2) for the band assigned to
196Bi. From these considerations we suggest that the band
196Bi is based on a configuration which may be represent
as 194Pb~SD core!^ p@651#1/2^ n@752#5/2.

Several important points can be made concerning the re
tive behavior of theI(2)’s of these bands. Figure 8 shows
plots of theI(2) moments of inertia for SD bands in194Pb,
195Bi, and 196Bi. We start by considering the steady rise in
theI(2) of the 194Pb band 1 which is understood in terms o
a smooth quasiparticle alignment due ton j 15/2 and p i 13/2
orbitals @3#. It is apparent from Fig. 8 that theI(2) of the
195Bi band is larger than that of194Pb~1! at lower frequen-
cies and increases less rapidly withv. This indicates that the
presence of an unpaired proton close to the Fermi surface
blocked some of the proton pairing strength. The contrib
tion to the rise inI(2) from the alignment of thei 11/2 qua-
siprotons will be blocked, resulting in a small reduction in
the slope with respect to194Pb~1!. It is worth pointing out
that theI(2) of the excited bands in194Pb @23# @referred to as

FIG. 8. Plot of theI(2) moments of inertia as a function of
rotational frequency for the SD bands in194Pb ~bands 1 and 2a!,
195Bi, and 196Bi.
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194Pb~2a,2b! since they are thought to be a strongly couple
signature partner pair# have similar magnitudes and slopes to
that of the band in195Bi. Indeed, as has already been pointe
out, the band in195Bi has nearly identical transition energies
to 194Pb~2b!. In @23# it was not possible to determine if the
excited bands were based on a proton or neutron excitatio
however, the similarity of the bands to that in195Bi is note-
worthy, although the relationship of these bands is not clea
For 196Bi both the @651#1/2 i 11/2 proton orbital and the
@752#5/2 j 15/2 neutron orbital are occupied with an odd
nucleon. At low rotational frequency this tends to raise th
magnitude ofI(2) and the additional Pauli blocking of the
j 15/2 quasineutron alignment results in a reduced slope. Ho
ever, as can be seen in Fig. 4, the magnitude of theI(2) for
the 196Bi band is smaller than that for the favoredN57 band
of 195Pb. The addition of a proton to the favored signature o
the @651#1/2 orbital should not produce such a relative effec
unless other factors such as differences in the pairin
strengths and deformations for the two structures are al
important.

V. SUMMARY AND FUTURE WORK

Two experiments have been performed using the183W
(19F,xn! and 181Ta(20Ne,xn! reactions at 108 and 123 MeV,
respectively. The Gammasphere array was used to detect
emittedg rays. Three SD bands are seen in the data, and o
has been assigned to each of195Bi, 196Bi, and 197Bi, al-
though the band assignments remain tentative. The proper
of the bands in the odd-Bi nuclei are best reproduced if th
odd proton occupies the@651#1/2 (a521/2) orbital. The
band in 196Bi probably has this same proton configuration
coupled to an additionalj 15/2 neutron. The relative behavior
of the I(2)’s of these bands can be understood in terms
Pauli-blocking effects. Our results represent important info
mation on the nature of the proton orbitals aboveZ582 at
extreme deformation.

Important questions remain to be addressed. It is an e
perimental imperative to confirm the superdeformed natu
of the bands through lifetime measurements. Additional e
periments are required to search for excited SD bands
these Bi nuclei. In particular, the signature partners to th
bands already observed need to be found. This will giv
more information on the nature and the strength of pairin
correlations and on Pauli-blocking effects. In addition
strongly coupled signature-partner pairs of bands based
the @514#9/2 and@642#5/2 proton orbitals should exist. These
bands should exhibit strong dipole cross talk and allow us
deduceg factors for these levels. These measurements, co
bined with what is already known for the SD bands in the T
isotopes, should give us a complete picture of the nature
the proton orbitals close to theZ582 SD subshell closure.
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