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Intrinsic proton states around the superdeformed shell closureZ580
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High spin states in193Tl have been populated by the181Ta(16O, 6n) reaction at 110 MeV andg-ray
spectroscopy was performed using the EUROGAM II array. In addition to the two known superdeformed~SD!
bands, three new superdeformed bands have been identified. The dynamic moments of inertia of two of these
new bands display a sudden and opposite change of slope and two of them have identical transition energies
within 2 keV. The behavior of their dynamic moments of inertia and theirg transitions allowed us to propose
configurations for the proton orbitals involved around the SD shell closureZ580. The intrinsic proton states
identified are the two signature partners of the@411#1/2 and the negative signature of the@651#1/2 orbitals.
Their properties are compared to the predictions of two theoretical calculations.@S0556-2813~98!04312-X#

PACS number~s!: 21.10.Re, 21.60.Ev, 23.20.Lv, 27.80.1w
a
s

in
S
e
ce
s

o

ta
ri-

fa
he

e
to

T
-

ith

nk-

heir
ton

by
en-
of

re
the

e
e
at

ked

sting
ard
to
I. INTRODUCTION

An impressive experimental and theoretical effort h
been devoted to determine the intrinsic states on which
perdeformed~SD! rotational bands are built. For example,
the mass 190 region, the study of several odd-neutron
nuclei has revealed many excited SD bands which have b
interpreted in terms of individual excitations of the valen
neutron around the Fermi surface. Thus, the characteristic
the intrinsic neutron states around the SD shell closure
N5112 have been experimentally well determined. In191Hg
@1#, 193Hg @2#, 193Pb @3,4#, and 195Pb @5# SD nuclei, the
blocking effect of the neutron intruderN57 orbital has been
established, causing a flattening of theI(2) dynamic moment
of inertia of SD bands. Furthermore, from the observation
cross-talkM1 transitions between SD bands in193Hg @6# and
193Pb @4#, it has been possible to extract the experimen
value of thegK factor of the single neutron and, by compa
son to theoretical calculations@7#, the occupancy of the two
strongly coupled neutron orbitals@512#5/2 and@624#9/2 has
been clearly shown. All these results have provided satis
tory knowledge of intrinsic neutron states in SD nuclei of t
mass 190 region, and have brought relevant information
different theoretical models which reproduce the sequenc
neutron states very well. However, the sequence of pro
states around the SD shell closure atZ580 remains experi-
mentally unknown. From previous studies of odd-proton
isotopes, the proton intruder@642#5/2 orbital has been pro
PRC 580556-2813/98/58~6!/3260~6!/$15.00
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posed as the lowest excitation aboveZ580 shell closure
@8–11#. This assignment was found to be in agreement w
most theoretical calculations@12–14#. Recently, in the193Tl
SD nucleus, the magnetic dipole character of transitions li
ing the two known signature-partner SD bands~bands 1 and
2! has been established and the experimental value of t
gK factor has been found to be consistent with the pro
intruder configuration@642#5/2 @15#. Beyond this intruder
orbital, the sequence of the quasiproton orbitals given
different theoretical calculations has never been experim
tally identified. In this paper, we report on the observation
three new SD bands in193Tl. From the behavior of both the
I(2) moments and theg transition energies, these bands a
interpreted as due to quasiparticle excitations involving
@411#1/2 and@651#1/2 proton orbitals.

II. EXPERIMENTAL PROCEDURE

The nucleus193Tl has been populated at high spin by th
181Ta(16O, 6n) reaction at a beam energy of 110 MeV. Th
beam was provided by the Vivitron tandem accelerator
IReS Strasbourg. The target consisted of two stac
250mg cm22 self-supporting foils of181Ta. Hereg rays were
detected with the multidetector EUROGAM II@16#, which
comprised 54 Compton-suppressed Ge detectors consi
of 30 large volume Ge detectors at backward and forw
angles and 24 ‘‘clovers’’ located around 90° with respect
the beam axis. Approximately 0.83109 g-ray co-
3260 ©1998 The American Physical Society
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PRC 58 3261INTRINSIC PROTON STATES AROUND THE . . .
incidence events, in which at least five unsuppressed Ge
tectors had fired, were recorded to tape. The search for
cited SD bands has been performed by the analysis of sp
from g-g matrices as well as multigated spectra.

III. ANALYSIS AND RESULTS

In addition to the two known yrast SD bands@8,15#, three
new rotational bands have been observed withg-ray spac-
ings characteristic of superdeformation in this mass reg
Sums of triple gated coincidence spectra on theg-ray transi-
tions of the three new excited SD bands, labeled 3, 4, an
are shown in Fig. 1. The assignment of the three new ba
to 193Tl was based on the observation ofg rays connecting
yrast normal deformed~ND! states in193Tl @17# in coinci-
dence with theg sequences of the SD bands~see Fig. 1!. The
relative intensity of bands 3, 4, and 5, with respect to ban
~the strongest SD band in this nucleus!, is measured to be
60%, 33%, and 16%, respectively.

In Fig. 2, spectra of bands 3 and 4 are displayed in a ra
of energy between 600 keV and 800 keV. In these figu
one can notice that the spacing between the three hig
transitions of band 3 is diminishing while the one betwe
the three highest transitions of band 4 is increasing. T
energies of the two highest transitions of band 3, 714.0 k
and 735.0 keV, are very close to the known yrast transiti
716.0 keV (13/22→9/22) and 735.5 keV (13/21→11/22)
in 193Tl @17#. As a consequence, the 715.0 keV and 73
keV lines in Fig. 2~a! exhibit different shapes and width
than other neighboringg lines. In order to firmly establish
the doublet structure of these two lines in the spectrum
Fig. 2~a!, a spectrum obtained by requiring triple gates
cluding the 716.0 keV transition and any two other tran
tions from band 3 is shown in Fig. 2~d!. The presence of the
716.0 keVg line in this spectrum can be taken as evidence
its double components. It is worth noting that in a multigat
coincidence spectrum where a gate on a noncomposite lin

FIG. 1. Spectra ofg rays in coincidence with combinations o
threeg rays in~a! band 3,~b! band 4, and~c! band 5 of the super-
deformed193Tl nucleus. Theg transitions connecting low-lying nor
mal deformed states are labeled by the symbol ‘‘y.’’
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always required, theg transition used as a gate should
missing, as does the 686.7 keV line in Fig. 2~c!. A similar
procedure has been used in order to establish the do
components of the peaks around 735.0 keV in band 3. F
thermore, using a Gaussian deconvolution, it has been
sible to separate the SD components from the known y
transitions of the twog lines around 716.0 keV and 735.
keV and determine the energy of the two highest transiti
of band 3.

TheI(2) dynamic moments of inertia of the three new S
bands in193Tl are shown in Fig. 3~a!, as a function of the
rotational frequency\v. Up to \v;0.35 MeV, they behave
as the majority of SD bands in the mass 190 region and t
smooth increase is similar to the one of the yrast SD ban
194Pb. Above\v;0.35 MeV, theI(2) moment of band 5
continues to increase smoothly; however, those of band
and 4 display a sudden and opposite change of slope. Ind
theI(2) moment of band 3 displays a large increase of ab
75\2 MeV21 while theI(2) moment of band 4 decreases b
approximately 23\2 MeV21 as compared to theI(2) moment
of the unperturbed band 5, at the same rotational freque
This is interpreted as being due to interactions between
SD states in band 3 and band 4. In order to determine
crossing frequency accurately, we have plotted the alignm
of bands 3, 4, and 5 with respect to both the yrast SD ban
192Hg @18# and 194Pb @19#. From these plots, shown in Figs
3~b! and 3~c!, one can draw the following conclusions:~i!
The alignment of the three excited SD bands~3, 4, and 5! is
more constant as a function of rotational frequency when
194Pb yrast SD band is taken as the reference.~ii ! At the
crossing frequency,\vexpt50.36 MeV, the relative align-
ment between the interacting orbitals isi expt5(1.2360.2)\.

FIG. 2. ~a! High energy part of the triple gated coincidenc
spectrum on theg-ray transitions of band 3~excluding the 714.0
keV and 735.0 keV transitions!. ~b! High energy part of the triple
gated coincidence spectrum on all theg-ray transitions of band 4.
~c! High energy part of the spectrum ofg rays in coincidence with
combinations of the 686.7 keV transition and two other transitio
of the SD band 3. The arrow indicates the missing 686.7 keV tr
sition used as a gate.~d! Spectrum ofg rays in coincidence with
combinations of the 716.0 keV transition and two other transitio
of the SD band 3~excluding the 735.0 keV transition!. Transitions
of SD bands in spectra~a!, ~b!, and~d! are labeled by ‘‘SD’’ and the
ones connecting low-lying normal deformed states are labeled
‘‘y.’’
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From a simple two-level mixing scenario@20#, one can ex-
tract the experimental value of the strength of this inter
tion, uVuexpt5(861) keV. This value corresponds to a wea
interaction influencing only three transitions. This is
marked contrast to the strong interaction (;26 keV) ob-
served for bands 1 and 4 in193Hg, which has a measurabl
effect over seven transitions@2,21#.

Theg-ray energies of bands 3 and 5 are identical within
keV up to 450 keV~see Fig. 1!. In the strong coupling limit
of the particle-rotor model, this is expected to happen for t
signature partners built on aK51/2 orbital with a decou-
pling parametera561 @22#. Moreover, the comparison o
theg-ray energies in the odd-A nucleus and in the even-eve
core determines the sign of the decoupling parameter~if they
are as midpoint, it is negative@23#!. For each pair of transi-
tion energies of bands 3 and 5, the values of thea decoupling
parameter have been extracted. Up toEg'450 keV, where
the transition energies of bands 3 and 5 are identical with
keV, the experimental decoupling parameter values w
found to be roughly constant and equal to an average v
of aexpt520.9360.03. AboveEg'450 keV, the decoupling
parameter is no longer constant. This seems to indicate th
Coriolis mixing with different effects on the two signatu
partners is taking place at the highest values of rotatio
frequency.

The experimental Routhians of the five SD bands of193Tl,
where the yrast SD band of194Pb is taken as the referenc
are shown in Fig. 4. They have been calculated us
(15/2)\, (23/2)\, and (21/2)\ as the spin values of th
lowest level of bands 3, 4, and 5, respectively. Only su
values give a sequence of the Routhians, at high rotatio

FIG. 3. ~a! Dynamic moments of inertiaI(2) as function of
rotational frequency\v for band 3 ~solid square!, band 4~solid
circle!, and band 5~open square! in 193Tl and the yrast SD band in
194Pb ~dashed line!. ~b! Experimental alignments for SD bands
~solid square!, 4 ~solid circle!, and 5 ~open square! in 193Tl. The
yrast SD band of194Pb is taken as the reference.~c! Experimental
alignment for SD bands 3~solid square!, 4 ~solid circle!, and 5
~open square! in 193Tl with the yrast SD band of192Hg taken as the
reference.
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frequency, which is consistent with the measured relat
intensities of the three SD bands. It is worth noting that
usual spin assignment procedure for the SD bands in
mass region is not suitable in our case mainly because o
nature of the orbitals involved@24#. The relative energies o
bands 3 and 5 can be fixed, assuming that they are signa
partners and, therefore, coincide at zero frequency whe
the relative energies of bands 3 and 4 are determined by
fact that they exhibit a crossing at\vexpt50.36 MeV. A lin-
ear extrapolation of the experimental Routhians to zero
quency~see Fig. 4! suggests a 400 keV energy gap betwe
the orbitals involved in these three new SD bands.

IV. DISCUSSION

These experimental results can be compared with the
dictions of theoretical models in order to assign proton c
figurations and to evaluate the predictive power of some t
oretical approaches already used with success to interpre
SD bands of odd-N nuclei in this mass region.

A. Cranked Woods-Saxon calculations

Theoretical Routhians for protons in the SD193Tl nucleus
obtained with a cranked Strutinsky-Lipkin-Nogami a
proach, using a Woods-Saxon potential and a quadrup
pairing term@25#, are shown in Fig. 5. The two lowest can
didates for band crossings are at\v50.3 MeV and \v
50.4 MeV, respectively. The first one involves the tw
negative signatures of the@770#1/2 and@514#9/2 orbitals and
the second the two negative signatures of the@411#1/2 and
@651#1/2 orbitals. The first interaction can be ruled out b
cause, if one of the two interacting bands~3 or 4! was built
on the@514#9/2 strongly coupled proton orbital, one shou
observe, at low frequency, cross talk between this band
its signature partner. Indeed, theM1/E2 competition for the
@514#9/2 orbital is expected~due to the largegK factor of
this orbital@7#! to be even stronger than the one observed

FIG. 4. Experimental Routhians of bands 3~solid square!, 4
~solid circle!, and 5~open square! in 193Tl. Their relative positions
are fixed~see text!. Experimental Routhians of bands 1~open tri-
angle! and 2~solid triangle! in 193Tl for which the single proton is
occupying the@642#5/2 intruder proton orbital@15#. Their positions,
with respect to the Routhians of bands 3, 4, and 5, are arbitr
Dashed lines represent their extrapolation back to zero frequen
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FIG. 5. Theoretical Routhians for protons in the SD193Tl nucleus. They are obtained by a cranked Strutinsky-Lipkin-Nogami appro
using a Woods-Saxon potential with a quadrupole pairing term@25#.
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the same experiment between bands 1 and 2 associated
the @642#5/2 state@15#. In the spectra of bands 3 and 4, the
is no evidence of suchM1 transitions~see Fig. 1!.

Taking into account their relative intensity observed
high rotational frequency, bands 3 and 4 are thus interpre
respectively, as the negative signature of the@651#1/2 and
@411#1/2 proton orbitals. One may extract the interacti
strength between these orbitals from the calcula
Routhians. The obtained value,uVu theory57.5 keV, is in nice
agreement with the experimental one,uVuexpt5(861) keV. In
addition, the relative energy of the two orbitals~@411#1/2
and @651#1/2! at zero frequency is 450 keV~see Fig. 5!
which is in agreement with the one determined from
linear extrapolation of experimental results~see Fig. 4!.
From the experimental Routhians of bands 3 and 5, a sig
ture splitting of 130 keV can be estimated at\v
;0.15 MeV~see Fig. 4!. This value is also in striking agree
ment with the theoretical value of 100 keV estimated at
same rotational frequency for the@411#1/2 orbital
~see Fig. 5!. Thus, having in mind that band 3 is built, at lo
rotational frequency, on the negative signature of
@411#1/2, band 5 has been interpreted as the positive sig
ture of this same orbital.

B. Hartree-Fock-Bogoliubov calculations

The quasi-particle~qp! Routhians obtained from the sel
consistent Hartree-Fock-Bogoliubov~HFB! method with the
Lipkin-Nogami prescription, Skyrme interaction, and
density-dependent zero-range pairing interaction have b
presented for several even-even Hg and Pb isotopes in
@26# and for some odd-N isotopes in Ref.@27#. To go further
in the analysis, self-consistent calculations of the193Tl bands
have been performed with two different Skyrme parame
zations: the same Skm* Skyrme parametrization as in Re
@26# and the more recent one SLy4@28#. This new interaction
has been shown to reproduce dynamic moments of inerti
this mass region with very good accuracy@29#. Six excited
ith
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bands based on the@411#1/2, @651#1/2, and@514#9/2 proton
orbitals have been investigated. At a rotational frequency
0.3 MeV, the band based on the negative signature of
@651#1/2 orbital is excited by only a few hundred keV wit
respect to the yrast SD band~bands 1 and 2!; three other
bands~the positive signature of the@651#1/2 orbital and the
two signatures of@411#1/2 orbital! lie all around 1 MeV
above the yrast SD band. The@514#9/2 bands, being the
most excited, have been disregarded here. Many feat
support the same configuration assignments as performe
the basis of the Strutinsky method, discussed in the prev
paragraph. Whereas, theg-ray energies calculated for th
positive signature band based on the@651#1/2 orbital do not
agree with the experimental ones, the ones obtained for
three others~@411#1/2, a561/2 and @651#1/2, a521/2!
agree within a few keV with bands 3, 4, and 5. Moreover,
spin values obtained in this Skyrme HFB calculation, for t
lowest states observed in the bands, are exactly the sam
those deduced experimentally~see Sec. III!. The main dis-
crepancy between the Skyrme calculations and the data is
absence of an interaction between the negative signatur
the @411#1/2 and the@651#1/2 orbitals which is proposed to
correspond to the observed crossing between bands 3 a
Nevertheless, the theoretical dynamic moments of ine
agree with the experiment at low spins~see Fig. 6!. The
absence of an interaction may be related either to a slig
too large separation between the@651#1/2 and@411#1/2 pro-
ton orbitals or to a residual interaction beyond a mean-fi
approach between bands having the same symmetry.
vacua on which the 1qp bands of193Tl are constructed are
determined fully self-consistently and result directly from t
variational calculation. It is interesting to note that the
vacua are always very close to194Pb for bands 3 and 5
which is in agreement with the experimental analysis of
alignments. On the other hand, the vacuum on which ban
is constructed is always close to192Hg, which is not clearly
reproduced by the data@see Figs. 3~b! and 3~c!#.
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C. Decoupling parameter

Within the pseudospin scheme@30#, the @411#1/2 orbital
can be viewed as the@ 3̃1̃0̃#1/2 state leading to a decouplin

parametera5(21)ÑdL̃0521. This expectation has bee
confirmed to first order by experimental data at normal
formation where the decoupling parameter of the@411#1/2
orbital was found to be of the order of20.75 @22#. The
decoupling parameter can be calculated from the wave fu
tions of the@411#1/2 proton orbital obtained in the Woods
Saxon potential. The pure single-particle value obtained
this manner corresponds to a value ofatheory520.48 which
is approximately half the experimentally extracted va
(aexpt520.9360.03). This result is somewhat surprisin
since we expect the Woods-Saxon wave functions to giv
more realistic description than the simple estimate from
pseudospin scheme. In a microscopic model, the near de
eracy of the two signature partner orbitals results from
difference in the effective alignment of the two configur
tions as a whole. The disagreement between the sin
particle expectation value of the decoupling parameter
the experimental value indicates that part of the differenc
alignment stems from the dynamical contribution of the s
tem as a whole and that the result from the pseudos

FIG. 6. Theoretical dynamic moment of inertia, as a function
rotational frequency, for the@411#1/2, a521/2 ~band 3! ~solid
square!, @411#1/2, a511/2 ~band 5! ~open circle!, and @651#1/2,
a521/2 ~band 4! ~solid circle! orbitals. They are obtained with th
self-consistent Hartree-Fock-Bogoliubov~HFB! method with the
Lipkin-Nogami prescription, SLy4 interaction, and a densi
dependent zero-range pairing interaction. The dashed line re
sents the experimental dynamic moment of inertia of the yrast
band in194Pb.
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scheme can be considered to be rather fortuitious. These
namical effects are included in the Skyrme HFB calculatio
The decoupling parameter for the three and firstg transitions
of the theoretical bands 3 and 5 is20.96 and does not vary
much as a function of the rotational frequency. The fact t
it is closer to21 at the top of the bands than suggested
the experimental data is probably due to the absence o
interaction between bands 3 and 4 in the calculation.

One should note that while bands 3 and 5 behave
~K51/2, a;21! signature partners, their transition energi
significantly deviate from the midpoint values of the tran
tion energies of the194Pb yrast SD band. This is illustrated i
Fig. 5 where the Routhians of bands 3 and 5 do not exh
the expected61/2 slope. This seems to indicate that t
yrast SD band of194Pb cannot be considered as the effect
core of bands 3 and 5 even if from the alignments of Fi
3~b! and 3~c! 194Pb seems to be a better core than192Hg for
the configurations involved in the excited193Tl SD bands.
Consequently this demonstrates the polarization effect of
@411#1/2 occupancy on the collective rotation of193Tl.

V. SUMMARY AND CONCLUSION

To summarize, in addition to the two known SD band
three new SD bands have been identified in193Tl. All these
bands have been interpreted as due to excitations of a s
proton around theZ580 SD shell closure. The interactio
observed between bands 3 and 4 and the identical energi
transitions in bands 3 and 5 allowed their assignment to p
ton excitations, involving the@411#1/2, a561/2 and
@651#1/2, a521/2 orbitals. Comparison with two theoret
cal calculations strongly supports this interpretation.

Despite the general agreement between the experime
results and the theoretical calculations, some specific
agreements concerning the negative parity proton orbitals
main. It is, for instance, not satisfactory that no other exci
SD bands could be seen in193Tl, while the theoretical
Routhians indicate fairly low excitation energies for th
@770#1/2 and@514#9/2 proton orbitals. The lack of observa
tion of negative parity orbitals can be used as an import
guideline to better understand the single-particle struct
and residual interactions at superdeformed shapes.
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