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Superdeformed bands in32S and neighboring nuclei predicted within the Hartree-Fock method
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Superdeformed configurations in32S, and in neighboring nuclei33S, 31S, 33Cl, and 31P, are determined
within the Hartree-Fock approach with the Skyrme interaction. Energies, angular momenta, quadrupole mo-
ments, particle-emissionQ values, and relative alignments and quadrupole moments are calculated for a
number of superdeformed rotational bands in these nuclei. A new mechanism implying an existence of
signature-separated rotational bands, distinct from the well-known signature-split bands, is discussed and
associated with the time-odd channels of effective interactions.

PACS number~s!: 21.60.Jz, 27.30.1t, 21.10.Re, 21.10.Ky
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1. INTRODUCTION

For more than ten years the study of superdeformed~SD!
shapes in nuclei has constituted one of the main venue
nuclear spectroscopy. Today it is well understood that
increased stability of strongly elongated nuclei from t
quantum~shell! effects that manifest themselves, among o
ers, through a lowering of the nucleonic level densities
certain nucleon numbers. Within the anisotropic harmo
oscillator ~HO! model, such shell effects arise when the
tios among the three principal frequencies are equal to
ratios of small integer numbers. The strongest shell closu
correspond to axially deformed nuclei with the semi-axis
tios 2:1:1 and 3:2:2, the axis ratios being simply related
the oscillator frequencies@1#.

The HO model is of course only a poor approximation
the majority of nuclei, for which the spin-orbit interaction
play a determining role. Yet as it happens, the nuclear m
field obeys approximately a specific SU~3! symmetry, usu-
ally referred to as a pseudospin.~For an early formulation of
the pseudospin symmetry see Refs.@2,3#; the contemporary
formulation of the problem is based on the Dirac formalis
according to the scheme proposed in Ref.@4# and further
developed recently in@5,6#.! Taking into account this sym
metry allows one at the same time to take care of the str
spin-orbit coupling, and profit from the simplicity of the HO
model. Indeed, basing on the pseudospin symmetry, and
ploying a realistic deformed mean field Hamiltonian, it w
possible to predict@7# ~after the initial discovery of the SD
band in152Dy @8# but several years before the experiments
other regions were done!, the existence of the whole group
of SD nuclei. Moreover, the predictions gave also the f
that the deformations of strongly elongated shapes may
siderably deviate from the 2:1:1 HO rule; these deviatio
are now confirmed through numerous experiments. T
abundance scheme for the nuclear SD states at high an
momenta is well established today in the so-calledA
.190, A.150, A.130, and A.80 regions, see Refs
@9–12# for reviews; it includes also the recently discover
SD states in theA.60 region@13–20#, as well as a region o
fission isomers inA.240 nuclei, known already for a lon
time but at relatively low angular momenta.
0556-2813/2000/61~4!/044304~14!/$15.00 61 0443
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Numerous cluster structures in light nuclei can also
interpreted as SD states, see Refs.@21,22# for more details
and a more exhaustive reference list. In particular, the 2
deformed HO model predicts the SD shell closures@1# at
particle numbers 2, 4, 10, 16, and 28, a sequence chara
ized by an increased stability at large deformations, and a
compatible with thea-cluster structures. This gives, for ex
ample, thea-a cluster ground state of8Be, or the 16O-a
cluster state in20Ne. Prolonging the same sequence, one m
expect stable SD structures in26Ne and32S. Next, doubly-
magic SD states should appear atN5Z528 ~not to be con-
fused with the spherical shell closures at the same nuc
numbers!. However, because of the increasing role of t
spin-orbit interaction when the nucleonic numbers increa
these values are slightly modified. This gives the doub
magic SD nucleus60Zn at the center of the experimental
known SDA.60 region.

One can see that the SD states in32S constitute a missing
link between the known cluster SD states in very light nuc
and the known SD states in theA.60 region. On the one
hand, the first indications that the cluster SD states in32S
may exist are provided by the measurements in the16O-16O
breakup channel@23#, and by the16O-16O molecular reso-
nances, as quoted in Ref.@24#. Moreover, nuclei around32S
were recently investigated@25,26# at the GAMMASPHERE
and GASP detectors with fusion-evaporation reactions
duced by heavy ions. Another similar experiment will b
proposed@26# at the EUROBALL detector. Although no ex
perimental results are available to date, we may expe
very active period of high-spin studies of light nuclei, wi
fair chances of discovering multiple rotational structures.
the other hand, several mean-field calculations, both n
self-consistent@27# and self-consistent@28–31#, as well as
thea-cluster calculations@32,24#, predict in32S an existence
of the 2:1:1 deformed structures. It is not clear at the m
ment, what exactly is the relationship between the molecu
states~a pair of touching16O nuclei!, and the SD states~a
compact matter distribution!, although both classes may co
respond to the same axis ratios and deformations. S
strongly deformed states should coexist with numerous lo
deformation states already known in this nucleus@33#. In
©2000 The American Physical Society04-1
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fact, the latter ones are very well described by thesd-shell
model @34#.

One may expect a number of interesting physical p
nomena that can be studied in the hypothetical SD confi
ration of 32S, such as the shape coexistence, competi
between various decay channels, proton neutron pairing
its deformation dependence, effects related to the time-
components of nuclear mean fields, as well as nucle
molecular and nuclear-cluster structures. Detailed prope
may be significantly influenced by the presence of intru
states originating from theN053, and evenN054 HO
shells. With a total number of nucleons strongly restrain
~only 16 per one kind of particles! one should expect a pro
nounced variation of shapes from one single-parti
~particle-hole! configuration to another.

In the present paper we aim at a theoretical descriptio
the SD states in32S and in four neighboring nuclei:33S, 31S,
33Cl, and 31P. We present predictions pertaining to detail
spectroscopic information on excitation energies, spins,
ments of inertia, and quadrupole moments of the SD ro
tional bands. All these observables may, in the very n
future, become available within the discrete-spectrosc
measurements using large detector arrays; these observ
have already been obtained experimentally in the ot
groups of SD nuclei.

The paper is organized as follows. After briefly present
in Sec. II the theoretical methods we use in this study, in S
III we discuss the deformed-shell gaps and Coulomb effe
in 32S, present a classification of the SD bands, and desc
the level crossings. Results of calculations for the SD ba
in 32S are presented in Sec. IV, and those for33S, 31S, 33Cl,
and 31P in Sec. V. Finally, in Sec. VI we briefly discuss th
question of the stability of SD bands, and Sec. VII prese
our conclusions.

II. THEORETICAL METHODS

In this paper we use the cranking Hartree-Fock~HF!
method with the Skyrme SLy4 interaction@35#. The com-
plete gauge-invariant@36# term s•T2 JJ2 has been removed
from the Skyrme functional in order to comply with the pr
cedure of adjusting the parameters of this force@35#. We
solve the self-consistent HF equations by using theHFODD

code ~v1.75! @37,38#, that employs the Cartesian HO bas
The basis used consists of the lowestM5306 HO states with
the oscillator frequencies\vz511.46 MeV and \v'

518.01 MeV These parameters correspond to including
the basis up toNz514 andN'59 HO quanta. As discusse
in Ref. @37#, no further basis optimization is necessary, a
thus the same unique basis has been used for all calcula
presented below. In the calculations, the conservation of
ity and signature symmetries has been assumed.

In Ref. @37# it was shown that by using a much larger H
basis ofM51200, one obtains a perfect agreement~up to 18
kev! of the 152Dy binding energies with those calculated u
ing the space-coordinate code of Ref.@39#. At the same time,
the M5300 calculations were giving a systematic u
derbinding of about 5 MeV which, however, was ve
weakly dependent on the angular frequency or configurat
04430
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Here, we repeat similar tests in32S. At the spherical shape
with M5306 we obtain the total energy ofE
52270.000 MeV. While a simple one-dimension
coordinate-space code givesE52270.876 MeV. At the
\v51MeV SD magic configuration of32S ~see below!, the
M5306 result for the total Routhian isR5E2\^I y&
52261.453 MeV, whileM51200 (Nz524 andN'515)
gives R52262.124 MeV. From these results we conclu
that the absolute energies of all nuclei presented in this pa
should be shifted down, at all deformations and at all ro
tional frequencies, by a constant of about 0.8 MeV, in ord
to account for the finite size of the HO basis used in
calculations.

We have also performed the Hartree-Fock-Bogoliub
~HFB! calculations in32S, by using theHFODD code~v1.79!
for the zero-range~density independent! pairing interaction
in the particle-particle channel, and the Skyrme SLy4 fo
in the particle-hole channel. The strength of the pairing
teraction has been adjusted to obtain the value of the ave
pairing gap~at the spherical shape! equal to the one obtaine
with the help of the three-point mass staggering express
@40#, applied to experimental masses of nuclei adjacen
32S.

It turns out that the static pairing correlations, calculat
within the HFB approximation for such a pairing strengt
vanish at the SD shapes. With an artificially increas
strength one may, of course, obtain nonzero pairing at
SD bandheads, but the HFB static pairing correlations dis
pear again very rapidly with increasing spin. Consequen
these calculations show that the proton-proton and
neutron-neutron pairing correlations do not contribute v
strongly to the structure of the SD states in32S, and may
possibly affect the results only through dynamic correlatio

The above remarks do not exclude the possibility that
the nuclei of interest here, strong proton-neutron pairing c
relations may take place. To the contrary, in analogy to
suggestion relevant in theA.60 region@20#, also in32S we
may expect strong proton-neutron pairing correlations
high spins. An approach which would take all these pair
mechanisms simultaneously into account is fairly comp
cated, and no appropriate tools exist to date to carry out s
a program. Moreover, the experimental information ab
the proton-neutron pairing correlations at high spins sho
be considered as very limited today. Therefore the res
presented below do not include the effect of the pairing
teractions. This, as argued above, offers a reasonable
proximation, and allows for a rapid overview of all availab
lowest-energy configurations. Such an analysis should
considered as a sufficient first step towards a more comp
future study, given the fact that experimental results on
corresponding high spin effects do not exist at present.

III. SINGLE-PARTICLE STRUCTURES AT NÄZÄ16

In this section we discuss the deformed-shell gaps and
Coulomb effects, which give important properties of the c
culated SD bands in nuclei around32S. Then, a classification
of the SD bands and a description of the band crossing
presented.
4-2
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SUPERDEFORMED BANDS IN32S AND NEIGHBORING . . . PHYSICAL REVIEW C 61 044304
A. Deformed shell gaps

The ground state of the32S nucleus, obtained within th
HF approach with the SLy4 force, corresponds to
spherical-shape configuration that contains, on top of
closed16O core, the 1d5/2 and 2s1/2 orbitals filled, both for
the neutrons and protons. With an increase in the pro
deformation, the negative-parity Nilsson orbitals originati
from the spherical16O core stay occupied~see Fig. 2.21a in
Ref. @41# for a qualitative illustration!. The same is true for
the positive-parity valence orbitals, except for the orbi
@202#5/2 ~the up-sloping extruder orbital!, which originates
from the spherical 1d5/2 shell, and rapidly grows up in en
ergy with increasing deformation. After this orbital
crossed by the@330#1/2 orbital ~the down-sloping intruder
orbital!, which originates from the spherical 1f 7/2 shell, one
obtains a large~about 2.5 MeV! gap that corresponds to a S
configuration in the32S nucleus. Therefore, the SD states
such a light system as32S, formally correspond to the 4p-4
excitation with respect to the spherical ground state.

Our calculations presented in detail below indicate t
the SD configurations have extremely large quadrupole
formations,b.0.7. Whether or not the 4p-4h configuratio
conserves its identity at such a large deformation, i.e., h
large overlap with the spherical 4p-4h structure, is dicta
by the polarization effects. The corresponding analysis c
in principle, be done in the framework of the configuratio
mixing or generator-coordinate-method calculations@41#,
which are beyond the scope of the present study.

Figures 1 and 2 show the neutron and proton sing
particle Routhians as functions of the cranking frequen
\v. One can see that over a very large range of the r
tional frequencies, there exists an important gap in
single-particle HF spectrum at the neutron and proton nu
bersN5Z516. By definition, in the underlying32S SD con-
figuration all the neutron and proton levels lying below t

FIG. 1. Neutron single-particle Routhians in the magic SD c
figuration of 32S calculated within the HF theory for the Skyrm
SLy4 interaction. Lines denoting the four~parity, signature! combi-
nations are solid (1,1 i ), dot-dashed (1,2 i ), dotted (2,1 i ),
and dashed (2,2 i ). Standard Nilsson labels are determined
finding the dominating HO components of the HF wave functions
low ~left set! and high~right set! rotational frequencies.
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gaps atN516 andZ516 are occupied, and all those abo
the gaps are empty.

As a result of the presence of those large gaps in
single-particle32S proton and neutron spectra, we refer to t
corresponding lowest-energy SD state as to the magic
configuration.

A characteristic result visible from Figs. 1 and 2 is th
the overall single-particle structure of the HF orbitals ne
the Fermi level is remarkably simple. First of all, the depe
dence of the single-particle Routhians on the rotational
quency is very regular, and there is only one clear-cut cro
ing caused by the down-sloping Routhians@440#1/2(r
52 i ), originating from theN054 shell. Second, the densit
of levels appearing in the figures is very low as compar
e.g., to those in the massA.150 region of SD nuclei. The
negative parity states are represented only by twoN053
intruder orbitals@330#1/2(r 56 i ) below, and two intruder
orbitals @321#3/2(r 56 i ) above the Fermi level. Similarly
in the positive parity there are only two states@211#1/2(r
56 i ) below, and two extruder states@202#5/2(r 56 i )
above the Fermi level. Signature splitting of the extrud
states@202#5/2(r 56 i ) is very weak, because they carr
high K55/2 angular momentum projection, whereas sp
ting between the intruder levels@321#3/2(r 56 i ) is more
pronounced. It becomes well visible at rotational frequenc
of about 0.8 MeV. Below the Fermi level, orbital
@330#1/2(r 56 i ) and@211#1/2(r 56 i ) haveK51/2, hence
both are strongly split.

B. Coulomb effects and isospin symmetry

An important observation that follows from a comparis
of Figs. 1 and 2 is that the neutron and proton Routh
spectra are almost identical, apart from a nearly cons
shift in energy that amounts to about 6 MeV. Such a cons
shift expresses the fact that despite a possibly nontrivial e
lution of the individual-nucleonic wave functions in terms
the rotational frequency, the corresponding Coulomb inter
tions average out to nearly a constant, and correspond to
Coulomb energy of a rotating but otherwise\v-independent
charge distribution.

-

t

FIG. 2. Same as Fig. 1, but for the proton single-parti
Routhians.
4-3
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H. MOLIQUE, J. DOBACZEWSKI, AND J. DUDEK PHYSICAL REVIEW C61 044304
On the one hand, degeneracy of neutron and pro
Routhians is a manifestation of the charge independenc
the forces used. On the other hand, however, the pair
nearly degenerate proton and neutron wave functions ma
used to introduce an alternative representation in terms o
isoscalar- and isovector-coupled wave functions. In suc
case any arbitrary isospin-symmetric residual interaction
likely to introduce systematic differences in the spectra
the T50 andT51 states. This would allow one to test th
particular component of the forces against experiment—
conversely, from an existence of systematic discrepan
between experiment and mean-field calculations—and
would allow one to optimize the residual interactions. T
observed near-degeneracy of the corresponding proton
neutron levels is in fact a prerequisite indication that in t
mass region the isospin-symmetry effects could be very
portant. We will use the above observation as a guidelin
further analysis of the neutron/proton configurations in32S
and neighboring nuclei.

C. Classification of SD bands

For the conserved parity,p56, and signature,r 56 i ,
quantum numbers, the space of single particle states is s
rated into four parity/signature blocks,@p,2 ir #5(11,
12,21,22). By constructing a particle-hole excitatio
we necessarily arrive at a rearrangement among the
blocks of levels—one class of rearrangements always le
ing to the occupation of all the lowest levelswithin each
block. It turns out that such states form a majority among
low-lying bands studied here. Supposing that the low
states in each of the blocks are occupied, one may descri
the standard way the many-particle configurations by giv
the numbers of states occupied in each block. In this n
tion, the SD32S magic configuration is given by the~4,4,4,4!
occupation numbers, both for neutrons and protons, w
the ground-state configuration reads~5,5,3,3!.

All configurations that are examined below are built
exciting particles from the four levels below, to the fo
levels above the neutron and/or proton Fermi energies a
SD shape. The remaining orbitals below the Fermi lev
will always be occupied. Therefore, the single-particle n
tron or proton active spaces are composed of 8 orbitals~4
intruders and 4 nonintruders! that contain 4 particles. This
leads toC4

8570 possible many-body SD configurations f
neutrons andC4

8570 SD configurations for protons. The fa
that among the bands studied in this article the lowest st
in each parity/signature block are always occupied~other
cases, where necessary, will be explicitly mentioned! reduces
these numbers from 70 to 19 neutron or proton configu
tions necessary to control the low-energy rotational ba
constructed within the discussed active spaces.

Further, we use the observation that for both intrud
states,@330#1/2 and@321#3/2, ther 51 i signature partners
are always below ther 52 i partners~for all deformations
and rotational frequencies!. Hence, the intruder orbital
should preferably be occupied in that order of increas
energy, i.e., when one particle occupies the negative-pa
orbitals, it will occupy the@330#1/2(r 51 i ) orbital, when
04430
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two—they will occupy the@330#(r 51 i ) and @330#1/2(r
52 i ) orbitals, and when three—they will occupy th
@330#1/2(r 51 i ), @330#1/2(r 52 i ), and @321#3/2(r 51 i )
orbitals, etc. This rule reduces the number of available c
figurations from 19 to 9. Finally, we reject two more co
figurations, as described below, and we are left with 7 c
figurations to be considered for neutrons and for proto
Although such a preselection of configurations may app
to be quite arbitrary, it is in fact based on the requirem
that one wants to end up with a restricted set of low-ene
configurations only.

Figure 3 shows schematically the single-particle orbit
~top!, as well as all the particle-hole configurations~bottom!
considered here. The same diagram is valid both for neutr
and protons. The four intruder states that are close to
Fermi energies are all characterized by the principal H
quantum numberN053. Following the well-established no
tation, we denote the neutron or proton intruder occupati
by the symbol 3n/p, wheren or p are the numbers of the
occupied neutron and proton intruder states, respectively

As illustrated in the figure, for the 30 or 34 configurations,
there are four or zero particles, respectively, in the positi
parity states, and hence, in our predefined phase space,

FIG. 3. Schematic diagram illustrating the single-particle ne
tron or proton orbitals~top!, and the corresponding many-partic
configurations~bottom!, relevant for the description of SD bands
32S. The top part gives the Nilsson labels and signaturesr
56 i ), inside the circles, of orbitals on both sides of theN516 or
Z516 Fermi level. Four labels on the left-hand side represent
N053 intruder states~negative parity!, and four on the right-hand
side represent positive-parity states. In the bottom part, the
circles stand for occupied, the open circles for empty states. S
bols 3n/p give numbersn or p of ~neutron or proton! occupied
intruder states. Subscripts6 indicate whether the number of pa
ticles in the positive-parityr 51 i orbitals is larger than that inr
52 i orbitals, or vice versa.
4-4
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SUPERDEFORMED BANDS IN32S AND NEIGHBORING . . . PHYSICAL REVIEW C 61 044304
configurations are unique. For the 32 configuration, two par-
ticles occupy the positive-parity states, and we restrict
considerations to only one~out of three! occupation variant,
namely, we require both particles to occupy the two sig
tures of the lower orbital@211# 1/2. Hence, in the following,
symbol 32 pertains to this particular configuration. Finally,
one or three intruder states are occupied, i.e., in the 31 or 33

configurations, there are accordingly, three particles or
particle in the positive-parity orbitals, and here an additio
label is necessary. We distinguish the corresponding c
figurations by introducing subscripts1 or 2, i.e., by using
symbols 31

1 , 32
1 , 31

3 , 32
3 . The subscripts correspond,~i! in

the 33 configurations, to the signature of the occupi
@211#1/2(r 56 i ) orbital, and~ii ! in the 31 configurations, to
the signature of the occupied@202#5/2(r 56 i ) orbital.
Whenever symbols 31 or 33 without the subscripts are use
they pertain to both such configurations.

After having preselected the 7 neutron and proton c
figurations, we have at our disposal 49 configurations of
whole nucleus, which we denote by 3n3p, and when neces
sary supplement by the signature subscripts1 or 2, as de-
scribed above. For example, the magic SD configuration
32S is denoted by 3232, and the ground-state configuratio
reads 3030.

A manifest symmetry between neutrons and protons
plies a manifest symmetry between the corresponding r
tional bands. We have verified that those bands which
mirror images obtained from one another by replacing
neutrons by the protons and vice versa lead to almost id
tical results. However, because of the larger spatial ex
sions of intruder orbitals as compared to positive-parity
bitals, the~very small! Coulomb shifts will always slightly
bring down thep.n configurations below those withp
,n. Consequently, in the following we consider only th
3n3p configurations forp>n. Introducing these last argu
ments into our selection scheme, we end up with 3032S
configurations to be considered in the further analysis.

Up to now very few mean-field studies of high-spin sta
in 32S have been performed. In the pioneering work by F
cardet al. @29#, the SD configuration in32S ~denoted byC1)
has been identified within a model which neglected the sp
isospin degrees of freedom and used a different interact
Results obtained in that work agree fairly well with our r
sults obtained for the magic 3232 configuration. The same
configuration has also been studied in two other recent wo
@30,31#. On the other hand, no studies of excited SD confi
rations in 32S exist to date~they could not have been ob
tained in Ref.@29# because of the assumed spin-isospin sy
metry!.

D. Level crossings and the HF convergence

In all calculations, we diabatically follow configuration
i.e., we always occupy orbitals with given single-partic
characteristics, irrespectively of whether they cross with
other orbitals or not. This is technically easy if crossin
involve orbitals of different parity/signature blocks, but sp
cial techniques@38# must be used in self-consistent method
to diabatically follow configurations which cross within th
04430
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common parity/signature blocks. Those crossings are
ticularly interesting because they usually give rise to u
bending or back-bending structures, and are thus impor
for the experimental identification of the underlying stru
tures.

In the present study we separate the diabatic config
tions by proceeding as follows. If, in the positive-parity o
bitals, a particle ‘‘switches on and off’’ from the occupatio
of one orbital to another, we force an occupation of the st
that has a larger single-particle alignment, independently
whether it is slightly higher or lower in energy. In the prese
case this implies that we always force the particle into
@211#1/2 orbital and leave the extruder orbital@202#5/2
empty. Incidentally, by occupying the state that has asmaller
alignment, at the end of a successful iteration sequence
obtain a markedly different solution, with much smaller d
formations, i.e., the fact that two configurations mix does
imply that both manifest all the same physical properties
this case.

A rich collection of the experimental data on the bac
bending and up-bending phenomena that exist today in
literature has been interpreted in terms of the theoret
single-particle configurations followed according to the
abatic scheme. Whether experimental bands exist that fo
an adiabatic scheme is an open question, and unambig
~model dependent! demonstrations are very difficult. On the
oretical grounds, this question cannot be settled within
mean-field approach. Therefore, our approach to follow
abatic configurations is dictated by the fact that a great m
jority of the high spin data has been interpreted according
In case of need demonstrated by future experiments,
present results could immediately be used as a first ste
the band-band mixing calculations.

By examining the Routhian diagrams obtained se
consistently at a fixed particle-hole configuration, as, e
those shown in Figs. 1 and 2, one cannot predict cross
which may happen in some other configuration. This is
pecially true in 32S, where different configurations corre
spond to fairly different deformations, see Sec. IV B, a
therefore, may involve significantly different ordering of o
bitals. As an example, in Figs. 4 and 5 we present neut
Routhians corresponding to the self-consistently calcula

FIG. 4. Same as Fig. 1, but for the HF solution with the 32
1 32

1

configuration.
4-5
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32
1 32

1 and 31
1 31

1 bands, respectively. Since these configu
tions produce deformations significantly smaller than tha
the magic SD configuration, the~empty! extruder orbitals
@202#5/2(r 56 i ) are here much lower in energy, an
strongly mix with the~occupied! @211#1/2(r 56 i ) orbitals.
In these configurations, the signature splitting is very lar
and strongly depends on the actual configuration, see dis
sion in Sec. IV D. Therefore the order of Routhians in t
31

1 31
1 configuration~Fig. 5! is entirely different from that in

the 32
1 32

1 configuration~Fig. 4! and leads to very strong
mixing and level repulsion at and near the crossing f
quency in the latter case.

We can easily identify the crossing regions by the sim
fact that the HF iterations are poorly convergent, or nonc
vergent there@38#. This concerns only those methods
solving the HF equations, which are based on succes
diagonalizations of the mean-field Hamiltonian. The gradi
method and the imaginary-time method@41#, always arrive at
the smallest-energy solution, and do converge. However,
obtained solutions simply correspond to one of the infinit
many possible mixed-orbital solutions, with the same or v
close energy, and consequently, those methods do not
the problem, but allow for not seeing it.

We have made every possible effort to achieve conv
gence of all configurations at all angular frequencies, ho
ever, in several cases it turned out not to be possible. Th
the case, for example, for the 31

1 31
1 band at \v

51.0– 1.4 MeV; the non-convergence here results in an
regular behavior of Routhians in Fig. 2. In the following, w
show energies and quadrupole moments corresponding t
nonconverged points along with the well-converged on
however, we remove points corresponding to nonconver
solutions from plots of other observables.

IV. SUPERDEFORMED BANDS IN 32S

In this section we present results for the energies of
rotational bands, and discuss other effects and observa
i.e., shape evolution with spin and shape coexisten
signature-related degeneracies, dynamical moments,
relative alignments.

FIG. 5. Same as Fig. 1, but for the HF solution with the 31
1 31

1

configuration.
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A. Energies

In Fig. 6 are plotted the HF energies as functions of s
for the 30 SD bands calculated in32S. As it is often done in
the cranking approach, we identify the average projection
the angular momentum on the cranking axis^I y& with the
total angular momentum of the system, i.e., we setI 5^I y&.
~Within a more refined approximation some authors iden

FIG. 6. Energies of the HF bands in32S as functions of the
angular momentum. A rigid-rotor reference energy of 0.05I (I
11) MeV has been substracted to increase clarity of the plot. F
and open symbols represent the positive (p511) and negative-
parity (p521) bands. Long-short-dashed, solid, dotted, a
dashed lines correspond to neutron (r n) and proton (r p) signatures
being equal to, respectively, (r n ,r p)5(1,1), ~1,2!, ~2,1!, and
~2,2!. Note that for even numbers of protons and neutrons
possible total signatures arer n561 andr p561; the latter should
not be confused with the single-nucleon signatures taking the
sible values of6 i .
4-6
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I (I 11) with ^I y&
2 @41#, which results in a standard~approxi-

mate! correction I 5^I y&2 1
2\; however, this is not imple-

mented in the figures presented below.!
All the bands have been obtained within the cranking

formalism, with the rotational frequencies that start at\v
50.4 MeV and increase in steps of 0.2 MeV. For each ba
the calculations were carried out up to the highest rotatio
frequencies that did not induce any sudden configura
change~except for the 3030 and 3032

1 configurations calcu-
lated up to\v54 MeV). Since almost all bands are cross
at high rotational frequencies by the bands involving
down-sloping@440#1/2(r 52 i ) orbital, cf. Figs. 1 and 2, and
Ref. @30#, such configuration changes are in many cases
evitable. On the one hand, introducing an upper limit of
frequencies of some calculated bands reflects a deficienc
the method since the discussed crossings are in genera
physical ones. On the other hand, however, the corresp
ing experimental results are expected to deviate from re
larity at the vicinity of the calculated limiting\v values and
are likely to manifest, e.g., an up- or even a back-bend
behavior there, thus offering a possibility of valuable tests
the crossing frequencies anyway.

Let us remark in passing that within the HO model, wh
two protons and two neutrons in the HO@440#1/2 states are
added to the32S SD configuration, one obtains the mag
hyperdeformed HO configuration in36Ar. Structures based
on the@440#1/2(r 52 i ) orbitals are abundant in32S, how-
ever, they should rather be attributed to the hyperdeform
configurations, and are not studied in the present article.

Bands shown in Fig. 6 have been separated into f
groups, plotted in four panels. Figures 6~a!–6~d! show the
3n3p bands withp5n, p5n11, p5n12, and p>n13,
respectively. Parities of bands are equal to the product
parities of the proton and neutron configurations, i.e.,p5
(21)n1p in our case, and are denoted by full (p511) and
open (p521) symbols. Various forms of the symbo
~circles, squares, etc.! distinguish different values ofn. In
order to further differentiate between various configuratio
we have to introduce a convention relating the line sty
with the signatures of neutron and proton subsystems,r n and
r p . Hence, long-short-dashed, solid, dotted, and dashed
denote (r n ,r p)5(1,1), ~1,2!, ~2,1!, and ~2,2! signa-
tures, respectively. Of course the total signaturer of each
band is always equal tor 5r n3r p .

Since we are mostly interested in the low energy confi
rations, in Fig. 7 we show a blow-up of the near-yrast reg
of energies, for a selection of bands being closest to the y
band. AtI 5^I y&2 1

2\56\ ~with the standard spin correctio
of 1

2\ here subtracted!, we obtain in the 3030 band the total
energy of E52261.651 MeV, which gives the calculate
excitation energy ofEx(I 56\)58.349 MeV, ridiculously
close to the experimental energy, 8.346 MeV@33,34#, of the
61 yrast state in32S. Of course, an agreement on this lev
of precision is to a large extent accidental, however, it gi
us confidence that a correct configuration is being follow
at low excitation energies.

At low spins, the yrast line is first built upon the groun
state 3030 configuration whose energy increases very re
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larly up to the angular momentum ofI .9\ and excitation
energy of Ex.14.5 MeV. At I .9 – 10\, the one-intruder
configurations 3031 become yrast for a narrow region o
spins. These bands are next crossed atEx.16.2 MeV by two
bands withr 511, the 3131 configurations, which are yras
up to aboutI .15\. At this point (Ex.25 MeV) the yrast
line has the structure of the magic 3232 SD configuration.
When extrapolated to zero spin, the magic SD configurat
corresponds to the excitation energy ofEx.14 MeV.

The spin~energy! range of up toI;6\(;10 MeV) can
be very well described by thesd shell-model calculations
@34#, and in the rest of this article we will focus on the high
spin states.@Some collective bands in the low spin~energy!
range may be unstable with respect to parity-breaking de
mations@30#; we do not study those effects either.#

B. Quadrupole moments

Using the same symbols as those introduced in Fig. 6
Fig. 8 are plotted the proton quadrupole moments, in
form of trajectories of points on theQ20–Q22 plane, corre-
sponding to consecutive values of the rotational frequen
In order to visualize the fact that values ofQ22 are always
much smaller than those ofQ20 ~small nonaxiality!, the lines
corresponding tog5615° and g5630°, where tan(g)
5Q22/Q20, are also shown in the figure.

From Fig. 8 it is clearly seen that bands calculated in
present study represent fairly distinct regions of deformati
In order to better visualize the magnitude of the deformati
one can use the simplest first-order formula@41#, b
5A5/pQ20/(Zê r 2&), relating the proton axial quadrupol
moment with the standard deformation parameterb. For the
3232 configuration this givesb.Q20/(2.53e b).0.7. Since
at the same time the axial hexadecapole moment is fa
small, Q40.0.06e b2, the first-order formula should be
good estimate of the exact result, corresponding to the de
mations of an equivalent sharp-edge uniform charge dis
bution that has all multipole moments equal to the ones
culated microscopically.

It follows that the ground-state band 3030 reaches quad-
rupole deformationsb of the order of 0.16, the intermediate
deformation configurations 3131 correspond tob.0.45,
while the strongest deformed band 3434 has b.0.8. ~The
latter band carries, however,Q40.0.54e b2, and thus the
simple one-parameter formula forb can be less precise here!

FIG. 7. Same as in Fig. 6, but for the yrast region of energie
4-7
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H. MOLIQUE, J. DOBACZEWSKI, AND J. DUDEK PHYSICAL REVIEW C61 044304
Results presented in Fig. 8 show a clear correlation of qu
rupole moments and numbers of intruder states occupied
given configuration; we discuss this question in more de
in Sec. V.

C. Signature splitting

In Figs. 6 and 7, there are several pairs of nearly deg
erate bands. First of all, all thep5n11 andp5n13 bands

FIG. 8. Proton quadrupole moments of the HF bands in32S,
shown in the form of points on theQ202Q22 plane. Since the varia
tion of the multipole moments in function of the rotational fr
quency turns out to be regular, the corresponding points form
jectories. Arrows indicate directions of increasing\v. Note a large
difference in scale between theQ20 andQ22 axes. The scales wer
adapted to the large differences betweenuQ20u and uQ22u. The
straight lines corresponding tog5615° and tog5630° have
been drawn to facilitate reading the degree of nonaxiality of
corresponding solutions.
04430
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shown in Figs. 6~b! and 6~d!, form usual pairs of signature
partner bands differing by signatures of odd nucleons. T
signature splitting of these partner-bands closely follows
signature splitting of the corresponding positive-par
single-particle Routhians, see Figs. 1 and 2. Indeed, in ba
3031 or 3132, for example, the odd neutrons or proton
respectively, occupy orbitals@202#5/2(r 56 i ). These orbit-
als show almost no signature splitting, and hence almos
signature splitting is also seen in Fig. 6~b! ~circles and
squares!. Similarly, in bands 3233 and 3334, the signature-
split @211#1/2(r 56 i ) orbitals are occupied, and this give
similarly signature-split pairs of bands~diamonds and tri-
angles!. The same pattern is repeated for the 3033 and 3134

pairs of bands in Fig. 6~d!. @Incidentally, not always both
signature partners cannot always be followed up to the s
spin; for example, the 3032

1 band continues to a higher spi
than its partner band 3031

1 , because for the former band, th
deformation significantly changes at high rotational frequ
cies, see Fig. 8~b!.#

D. Signature-separation sensitive to the time-odd channels

A different situation takes place in configurations whe
both a neutron and a proton occupy unbalanced-signa
states. In particular, four near-yrast 3131 configurations,
shown in Figs. 6~a! and 7, group into two nearly degenera
pairs of bands having the same signature. Indeed, thr
511 bands, 32

1 32
1 and 31

1 31
1 , are very close to one an

other, with the latter one lying slightly lower in energy,
accordance with the sign of the small signature splitting
the high-K @202#5/2(r 56 i ) orbitals. Note that the sudde
deviation from regular behavior, seen in the latter band
\v51.0– 1.4 MeV, is due to a poor HF convergence rela
to strong mixing of orbitals, see discussion in Sec. II D.

The second pair of degenerate 3131 bands corresponds t
the signaturer 521, and is composed of the 32

1 31
1 and

31
1 32

1 configurations, that are the mirror partners of one a
other in terms of the isospin. Therefore, irrespectively of
small signature splitting of the@202#5/2(r 56 i ) orbitals,
these bands are almost perfectly degenerate. Again, du
the interactions between orbitals, atI .10 andI .14\ one
observes small irregularities reflecting poor HF convergen

A remarkable feature obtained in the HF calculations
the fact that the pair of bands just mentioned, withr 521,
lies about 2 MeV above ther 511 pair. As opposed to the
standard signature splitting effect, we may call these ba
the signature-separated bands. Such a separation coul
have been obtained in a phenomenological cranking mo
i.e., one using the Woods-Saxon or Nilsson potentials,
cause there the single-particle degeneracies immediately
ply degeneracies of bands in many-body systems. Indeed
putting one neutron and one proton into weakly split a
noninteracting@202#5/2(r 56 i ) pair of orbitals, one should
have obtained all the four 3131 bands strongly degenerate
Note that the separation of ther 521 andr 511 pairs of
bands cannot be due to the deformation effect, because
formations of the four bands are very similar, see Fig. 8~a!.

Strong separation of pairs of signature-degenerate ba
results@42,43# from the self-consistent effects related to t

a-

e
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time-odd components@36# in the HF mean fields. Odd par
ticles induce the time-odd mean fields in odd and odd-o
nuclei, and similarly, odd particles in signature-unbalanc
states induce the time-odd mean fields for certain config
tions of even-even nuclei. In particular, when a neutron
put into the@202#5/2(r 51 i ) orbital, it creates, through th
strong neutron-proton interaction which is inherent to a
effective nuclear force, e.g., to the Skyrme force, a stro
attractive component in the proton mean-field correspond
to the same, i.e.,r 51 i symmetry. Therefore, when the pro
ton occupying the@202#5/2(r 51 i ) orbital is put into such a
mean field, the total energy is significantly lowered.
course, exactly the same mechanism applies for two parti
occupying the@202#5/2(r 52 i ) orbitals. The proton mean
field, generated by the@202#5/2(r 51 i ) neutron, does no
influence the states of ther 52 i symmetry, and therefore
adding then the@202#5/2(r 52 i ) proton does not influence
the total energy. Hence, here ther 521 bands are not af
fected by the time-odd interactions~i.e., the interactions
which give the time-odd mean fields through the HF aver
ing!, while the r 511 bands are significantly affected, an
acquire an additional binding.

Obviously, the magnitude of the separation between
r 521 andr 511 bands crucially depends on the intera
tion strengths in time-odd channels. Unfortunately, the c
pling constants corresponding to these channels@36# are not
restricted by typical ground-state observables~masses, radii,
etc.!, which serve as experimental benchmarks with resp
to which the force parameters are adjusted. Therefore,
spin effects, like the aforementionedr 521 vs r 511 sepa-
ration, that are manifestly sensitive to these unexplored ch
nels of the interaction, could provide an extremely import
information pertaining to basic properties of nuclear effe
tive forces. Note that in32S, the structure of the yrast lin
dramatically depends on the strength of the interaction
these channels, because the 3131 bands become yrast most
due to the time-odd interaction.

By looking at similar quartets of bands, e.g., those cor
sponding to the 3333 and 3133 configurations, Figs. 6~a! and
6~c!, respectively, one sees that the strength of interaction
the time-odd channels depends on the structure of the un
lying orbitals. The signature splitting of the@211#1/2(r
56 i ) orbitals obscures the picture a little because it giv
the splitting of the 31

3 31
3 and 32

3 32
3 configurations, however

the centroid of these two configurations lies visibly belo
the perfectly degenerate pair of mirror partners 32

3 31
3 and

31
3 32

3 . Hence, within the@211#1/2(r 56 i ) orbitals, the
time-odd interaction is significantly weaker. Finally, the
seems to be no such nondiagonal interaction between
@211#1/2(r 56 i ) and@202#5/2(r 56 i ) orbitals, because the
degeneracy pattern of the 3133 orbitals is completely differ-
ent. Indeed, the standard, weakly split, two signature p
appear, the lower one composed of the 31

1 31
3 and 32

1 31
3

configurations, and the higher one composed of the 31
1 32

3

and 32
1 32

3 configurations, in accordance with the sign of t
signature splitting of the@211#1/2(r 56 i ) orbitals.

Results presented in this section indicate that the prop
selected high-spin structures in a SD nucleus reflect the p
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erties of the effective interaction in the time-odd chann
Quantitatively, in the restricted set of orbitals considered
32S, the time-odd interaction amounts to an attractive fo
which acts between protons and neutrons occupyingthe
sameorbitals, i.e., orbitals having the same quantum nu
bers. Therefore, the discussed interaction channel has se
features of theT50 pairing interaction, although obviousl
the effects discussed here are not related to any collec
pairing channels, but rather pertain to interactions in
particle-hole channel.

E. Dynamical moments and relative alignments

A mixing of two common-symmetry orbitals that ap
proach each other at the Fermi energy creates nonconve
HF solutions for certain values of\v as discussed in Sec
III D, and introduces large errors in the observables cal
lated in this article except, perhaps, for energies and mu
pole moments. Indeed, in many cases of nonconverging
lutions, due to the variational character of the HF equatio
the total energies are almost correct, namely, they can
smoothly followed through the crossing region. Howev
errors in the total spins can be much larger, because
nonconverged solutions correspond to almost-random m
tures of two interacting orbitals that are very close in ene
but may significantly differ in spin. Then, neither the relati
alignments, nor, especially, the dynamical moments, can
smoothly followed along the crossing region. Therefore,
the figures presented in this section, we removed all po
corresponding to the nonconverged solutions; the absenc
some points was compensated for by drawing straight li
between points corresponding to the converged solutions

In Fig. 9 are reported the dynamical momentsJ(2)

5dI/dv, calculated for the near-yrast bands in32S. One can
see that bands with the same intruder contents present
similar behavior, as far as the dynamical moments are c
cerned. It appears clearly from the figure that bands base
the 36

1 and/or 30 configurations have in general~especially
at high rotational frequencies! much lower dynamical mo-
ments than the magic 3232 SD band. The bands based o
higher numbers of occupied intruder states~not shown in the
figure!, have higher values ofJ(2), along with a larger dis-
tance from the yrast line.

FIG. 9. Dynamical momentsJ(2) of the HF bands in32S as
functions of the rotational frequency. The figure shows results
near-yrast bands selected in Fig. 7.
4-9
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In Fig. 10 are drawn the relative alignments,dI
5I(band)2I (SD3232 band!, of near-yrast bands in32S calcu-
lated with respect to the magic 3232 band in the same
nucleus. One can see that again the results obtained for
ous bands depend mainly on the numbers of occupied
truder states. It is very difficult for the nucleus to build u
spin, when few intruder orbitals are occupied, and theref
one observes a lowering of the relative alignments for th
bands. One may discuss these questions more clearly b
troducing the relative alignments of bands in neighbor
nuclei, presented in Sec. V.

All the calculated features of SD bands in32S seem to
reflect in a very direct way the crucial role played by t
intruder orbitals. Such an observation may, therefore, si
larly as in other SD regions, serve as a guideline in theo
ical analyses, as well as in experimental investigations
properties of SD bands in theA.30 mass region.

V. SUPERDEFORMED BANDS IN ONE-PARTICLE
AND ONE-HOLE NEIGHBORS OF 32S

In order to analyze polarization effects induced by in
vidual particle or hole orbitals in32S, we have also per
formed the HF calculations for the four neighboring nucl
33S, 31S, 33Cl, and31P. Among them, there are two pairs
mirror nuclei,33S-33Cl, and31S-31P. For each of these nucle
we have calculated four bands, corresponding to either
four lowest available particle states~in A533), or the four
highest available hole states~in A531). In other words, in
33S or 33Cl the neutron or proton is added to the magic 3232

32S configuration, in the@321#3/2(r 56 i ) and @202#5/2(r
56 i ) orbitals, which gives the neutron or proton configur
tions: 31

2 , 32
2 , 33, and 33* . Here, we denote by an asteris

the configuration in which a particle is added not to the lo
est available intruder state, but to the next-to-lowest av
able intruder state. Similarly, in31S and31P the neutron or
proton is removed from the magic 3232 32S configuration,
from the @330#1/2(r 56 i ) and @211#1/2(r 56 i ) orbitals,
which gives the neutron or proton configurations: 31

2 , 32
2 ,

31, and 31* . Again, we denote by an asterisk the configu
tion in which a particle remains not in the lowest availab

FIG. 10. Relative alignmentsdI of the HF bands in32S as func-
tions of the rotational frequency, calculated with respect to the
magic band in32S. The figure shows results for near-yrast ban
selected in Fig. 7.
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intruder state, but in the next-to-lowest available intrud
state.

In Figs. 11 and 12 we show energies of the calculated
bands in33S, 31S, 33Cl, and 31P. One can observe that th
mirror nuclei have extremely similar SD spectra. Bands
theA533 nuclei form pairs of degenerate signature partne
while those corresponding to the signature partners inA
531 are strongly split, in accordance with the characteris
features of the corresponding single-particle Routhians, F
1 and 2. Note that the ground state bands in theA533 nuclei
correspond to nonintruder particle states, and similarly, th
in theA531 nuclei correspond to holes in nonintruder orb
als.

The HF calculations give the energies of rotational ban
on the absolute scale. Therefore, in order to estimate
availableQ-value windows for particle emissions, one ma
simply compare~at a given value of the angular momentum!
the energies shown in Figs. 6, 11, and 12. Since the rig
rotor reference energies are the same at fixed spins, one
directly compare the values given in the figures. For e
ample, for 31S the yrast energy atI 512\ is about2244
MeV, which shows that none of the32S bands shown in Fig
6, except for the 3434 and 3034 configurations, can emit a
zero-angular-momentum neutron to the SD states in31S.
Similarly, for 31P the corresponding yrast energy is2249.5
MeV, which opens up the proton emission channel from s

D
s

FIG. 11. Energies of the HF bands in33S and31S as functions of
the angular momentum. A rigid-rotor reference energy of 0.05I (I
11) MeV has been subtracted to increase clarity of the plot. F
and open symbols represent the positive- (p511) and negative-
parity (p521) bands. Long-short-dashed and solid lines den
signaturesr 51 i andr 52 i , respectively. Configurations 31* and
33* correspond to the highest negative-parity particles promote
the next-to-lowest available intruder states. For 31* , the first point
corresponds to\v50.6 MeV.
4-10
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SUPERDEFORMED BANDS IN32S AND NEIGHBORING . . . PHYSICAL REVIEW C 61 044304
eral other bands, but not those from the near-yrast ba
shown in Fig. 7.

Let us emphasize that the angular momentum,l, carried
away by an emitted particle, dramatically influences the c
sideredQ values in nuclei around32S, especially at high
spins. Since after subtracting the rigid-rotor reference,
energies of bands are fairly flat~Figs. 6, 11, and 12!, one can
very simply estimate theQ values at givenI and l values to
be by an amount of@2I l 1 l ( l 11)#30.05 MeV larger than
those atl 50. For instance, atI 520\, and with the angular-
momentum transferl 52\ ~or 3\), the additional energies in
a daughter nucleus are 4.3~or 6.6! MeV. Consequently, the
protons emitted through the high angular-momentum~e.g.,
N053) orbitals are among the most likely candidates for
band-to-band emission mechanism. From the results
sented in the figures one may precisely estimate theQ-value
windows for particles carrying out any given amount of t
angular momentum from any given band.

The illustrations of the dynamical moments in33S, 31S,
33Cl, and31P, shown in Figs. 13 and 14, indicate an extre
similarity of the results in mirror nuclei. This suggests th
several among the SD bands in the mirror nuclei around32S
might manifest the ‘‘identical band’’ phenomenon. Compa
ing these results with those in the magic SD band in32S, Fig.
9, one sees that particles in the intruder@321#3/2 orbitals and
extruder @202#5/2 orbitals, respectively add and subtra
1\2/MeV ~at high spin! with respect to the magic core
Variations ofJ(2), which correspond to the intruder and no
intruder hole states, are of the similar order.

By calculating differences between one-body observab
like the angular momentum or quadrupole moment, de
mined in33S, 31S, 33Cl, and31P, and in32S, one can identify
basic single-particle properties of all important orbita
around the SD32S magic-core configuration. These diffe
ences correspond not only to the bare average values o

FIG. 12. Same as in Fig. 11, but for the33Cl and 31P nuclei.
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observables, calculated for given orbitals, but also inclu
complete polarization effects. It is known that in the SDA
.150 nuclei, the single-particle alignments@44#, and charge
quadrupole moments@45,46#, constitute additive quantities
with respect to adding and subtracting particles from
magic SD configurations of152Dy. An analogous observa
tion is also confirmed by calculations in the SDA.60 nuclei
@31,47,48#. In the present paper we have verified the addit

FIG. 13. Same as in Fig. 11, but for the dynamical mome
J(2).

FIG. 14. Same as in Fig. 13, but for the33Cl and 31P nuclei.
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ity of alignments and quadrupole moments between the
bands in32S, and in33S, 31S, 33Cl, and 31P. Tests of this
principle in other nuclei around32S are left for a future pub-
lication.

In Figs. 15 and 16 we present the obtained relative ali
ments dI and proton quadrupole momentsdQ20, respec-
tively. Since the relative alignments pertain to the total a
gular momentum, the effects of neutron and proton orbit
obtained in theN516 andZ516 nuclei, respectively, are
almost identical. For relative proton quadrupole momen
the effects of neutrons and protons are different, beca
neutrons contribute only through the polarization effec
while for protons one also has the bare direct contribution
Figs. 15 and 16 we also indicate by which particle- or ho
orbital differ the bands in33S, 31S, 33Cl, and 31P form the
magic SD band in32S.

One can see that the relative alignments generated
various orbitals differ considerably. Therefore, the relat
alignments may serve as distinct fingerprints of orbitals
SD nuclei around32S. In particular, the second intrude
hole-orbital @330#1/2(r 52 i ), gives rather large negativ
relative alignment, while the positive-parity, hole-orbit
@211#1/2(r 51 i ), gives a rather constant alignment of abo
21\, and hence may be at the origin of yet another clas
identical ~hypothetical! bands in this region.

FIG. 15. Relative alignmentsdI of the HF bands in33S, 31S,
33Cl, and 31P as functions of the rotational frequency, calculat
with respect to the SD magic band in32S ~see Fig. 11 for conven-
tions used for symbols and lines!. The Nilsson labels of particle~p!
or hole ~h! orbitals, which make the difference between the giv
band and the magic band in32S, are indicated on the right-han
side.
04430
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The relative proton quadrupole moments of orbita
around the magicN5Z516 SD gap are fairly constant in
function of the rotational frequency. Values corresponding
intruder orbitals are usually much larger than those co
sponding to positive-parity orbitals. Hence, one can ea
understand the origin of groups of32S bands having signifi-
cantly different quadrupole moments, see Sec. IV B. As
as the polarization effects alone are concerned, the extr
particle orbitals@202#5/2(r 56 i ) carry almost the same ef
fect as the intruder hole-orbitals@330#1/2(r 56 i ). Needless
to say, these are the main orbitals which are at the origin
the SD shapes in32S.

VI. STABILITY OF THE SD CONFIGURATIONS
AROUND 32S

It is often possible to discuss the stability of the SD co
figurations with the help of the total energy surfaces obtain
with the Strutinsky or constrained HF methods. According
such a representation, high barrier surrounding a poten
minimum are usually interpreted as a sign of a large stab
of a given nucleus against, e.g., fission or shape transitio

Strictly speaking, the physical solutions obtained with t
HF method correspond to a discrete set of local minima
the HF functional. Using the language of the simple d
formed shell-model: the HF minima obtained in32S are
strongly separated in terms of the quadrupole mom
treated as a measure of the deformation. By using the c
strained HF approach we could in principle always conn
those isolated points thus obtaining potential barriers an

FIG. 16. Same as in Fig. 15, but for the relative proton quad
pole momentsdQ20.
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gous to the ones obtained within the Strutinsky meth
However, the physical interpretation of the results should
different depending on whether very many or only very fe
intermediate configurations are available for a given phys
system. When many solutions are densely distributed al
the deformation axis, the physical system is likely to unde
a sequence of transitions between the states that diffe
deformation only a little, and the Strutinsky as well as H
results can be interpreted as physically analogous. Su
situation takes place, e.g., in the SD nuclei in theA.150 and
A.190 mass regions.

In nuclei from the vicinity of32S, the occupying or no
occupying of just two intruder orbitals makes a significa
difference in terms of the quadrupole moments of the res
ing HF solutions. As a consequence, the potential ene
surface~PES! representation~see Fig. 6 of Ref.@27# and Fig.
8 of Ref. @28# for the PES in32S) is most likely not the bes
way of getting the information about the stability of the S
configurations with respect to a decay into any other sh
configuration. Indeed, the decay will be in general hinde
by a difference in configurations between the initial and
final states. Such a difference remains totally invisible fro
e.g., theE vs Q20 sequence of constrained HF~or HFB!
solutions, which all correspond to a different mixing
merely two configurations.

The above remarks apply independently of the followin
more general observation: the barrier pictures may bec
often strongly misleading because the barrier extens
~shapes! do not carry any direct physical relation to the b
havior of the object studied. A useful physical meaning c
be attributed to those objects onlyafter having introduced a
description of the collective inertia adapted to the deform
tion space in use. Such a description, either obtained wi
the generator coordinate method, or described in terms o
collective inertia tensor, implicitly takes into account th
slowing down of the transition caused by the aforementio
configuration changes.

VII. CONCLUSIONS

In this article, consequences of the predicted existenc
theN516 andZ516 strong superdeformed shell closures
.
A.
G
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the 32S nucleus, together with the role of the close-lyin
intruder orbitals, are analyzed and discussed.

The calculated proton and neutron single-particle spe
in 32S turn out to be nearly identical, apart from an appro
mately constant shift of about 6 MeV. As a consequen
several rotational bands in nuclei around32S are predicted to
produce an ‘‘identical band’’ effect, and the correspondi
results are discussed in some detail.

The property of additivity expressed, e.g., in terms
multipole moments, which was discovered originally
heavier SD nuclei, is confirmed to hold also for the31,32,33S,
31P, and33Cl nuclei. In these five nuclei, detailed prediction
related to the dynamical moments and relative alignme
are also illustrated. Similarities and differences betwe
properties of various bands are discussed and criteria fa
tating an identification of some characteristic excited co
figurations and single-particle orbitals are formulated.

It is pointed out that the time-reversal symmetry-break
in the self-consistent HF mean-field can manifest its
through a strong separation between the bands that in a
dard Nilsson approach must appear as nearly degenerate
though a precise numerical estimate of such a separation
pends on the parametrization of the Skyrme interaction,
calculations indicate that a relatively large, nearly 2 Me
separation is possible. The origin of the underlying mec
nism, and the configurations that may produce such stron
effect, are discussed.
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