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Origin of unit alignment in superdeformed bands in A'190 nuclei
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The results of an experimental and theoretical study of the inertias and alignments of superdeformed bands
~SD! in A;190 nuclei are presented. We show thatA;190 SD bands tend to be distributed among three
groups characterized by their alignments and the number of unpaired nucleons. The alignments cluster around
integer values~i'21,0,1, relative to the reference chosen for this study!, but the distribution is not strongly
peaked: rather it is relatively ‘‘broad’’ compared with the separation, suggesting that the ‘‘strict’’ quantized
alignments observed in some nuclei are not a systematic feature of allA;190 SD bands. We further show that
mean-field calculations reproduce the general experimental properties and give the three band groups seen in
experiment, but they do not generally reproduce the specific alignment of SD band pairs; nor, in general, do
they give ‘‘good’’ identical bands.@S0556-2813~99!03909-6#

PACS number~s!: 21.10.Re, 21.60.Ev, 21.60.Jz, 27.80.1w
y
d
t

bo
t
a
pe
n
th
a
o

nt
fo
ic
ne
cy
th

wi
iti
te

n
e
ie

ilar

the
a-
i
on-
the

a
nt
imi-

son

ng
tical

lso
ed’’
are

fre-
ma

ass

uires
I. INTRODUCTION

It has been almost a decade since a superdeformed~SD!
band in151Tb was found@1,2# to have the same gamma-ra
transition energies~within 1–2 keV! as a superdeforme
band in 152Dy. Shortly after this initial discovery the firs
identical bands were observed@3,4# in the A;190 region,
and since then many examples have been reported in
superdeformed and normal deformed nuclei~see the recen
review article@5#!. The physics behind this phenomenon h
stimulated much discussion, but its origin remains an o
question; for example, does the occurrence of identical ba
require new physics, or, as others have suggested, do
arise due to a series of ‘‘accidental cancellations’’ that le
to bands possessing the same moments of inertia and in s
cases the same~identical! transition energies.

In the A;190 region pair correlations play an importa
role in determining the properties of SD bands and there
may be expected to influence the occurrence of ident
bands. Indeed, the increase in the dynamic moments of i
tia (I(2)) as a function of increasing rotational frequen
observed in almost all SD bands in this region is due to
occurrence of two strongly interactingpairedband crossings
involving the successive alignment of neutron~n! and proton
~p! high-j intruder orbitals@6,7#. The observedI(2) moments
of inertia depend on the interaction strength associated
the band crossing and their magnitudes are clearly sens
to the pairing strength. Since pair correlations are affec
~reduced! by the presence of unpaired~odd! particles near
the Fermi level, it is not obvious why theI(2) moment of
inertia of A;190 SD bands in neighboring even-mass a
odd-mass nuclei should be so similar, let alone why som
these nuclei may also display identical transition energ
over many~;10! transitions.

There are, nevertheless, several properties ofA;190 SD
0556-2813/99/60~4!/044301~12!/$15.00 60 0443
th

s
n
ds
ey
d
me

re
al
r-

e

th
ve
d

d
of
s

bands which lead to moments of inertia that are more sim
than one may have first thought.~1! The Fermi level lies at
or near to the SD shell gaps atZ580 and 82, andN5112;
these gaps occur at the same deformation, which makes
shell correction term favor SD bands with similar deform
tions. ~2! There are several high-K orbitals near the Ferm
surface; these orbitals are involved in many SD band c
figurations and, because they are relatively insensitive to
Coriolis interaction, their quasiparticle contribution toI(2) is
small. ~3! The presence of pair correlations results in
‘‘smearing’’ of the occupation probabilities across differe
high-j intruder levels, leading to more bands possessing s
lar intruder content and hence similarI(2)’s. This last point
should be contrasted with the situation in theA5150 region
where the different~characteristic! alignment properties of
the valence intruder orbitals have a large effect on theI(2)

moment of inertia. A study of theI(2) moments of inertia for
A5130, 150, and 190 SD bands, as well as a compari
with those of normal deformed bands, is given in Ref.@8#,
where the role of intruder orbitals and the effects of pairi
are discussed. More recently, a systematic study of iden
bands was presented in Ref.@9#.

In addition to identical moments of inertia, bands that a
possess identical transition energies must have ‘‘quantiz
alignments1 simply because the level spins themselves
quantized. The alignment~i! is the difference in spin, with
respect to a chosen reference band, at a fixed rotational
quency. The surprise in the mass-190 region was that gam

1When comparing bands in even mass nuclei or bands in odd m
nuclei, quantized refers toi 50,1,2, . . . ,\, etc. Comparing a band
in an even mass nucleus with one in an odd-mass nucleus req
1/2 integer alignment to give transitions of the same energy.
©1999 The American Physical Society01-1
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rays with the same transition energies did not always app
to originate from levels with the same spin; i.e., the alig
ment was not zero, as one may have expected. It was
posed@3,4# that the SD bands191Hg(2,3), 193Hg(2,3), and
194Hg(2,3) had alignmenti'1, relative to192Hg(1). ~Num-
bers in parentheses following the nucleus refer to a partic
SD band.! The fact thati'1\, and not zero, was suggeste
as evidence for pseudospin alignment, a phenomenon w
the ~pseudo!intrinsic spinss̃ of the nucleons decouple from
the ~pseudo!orbital angular momentuml̃ and under the ac
tion of the Coriolis force align with the rotation axis to giv
the extra one unit of spin,i 52s̃51. However, because th
level spins had not been measured, an extrapolation~spin-fit!
procedure@10,11# was used to determine the spins of t
superdeformed states, and consequently the occurrenc
unit alignment was controversial. The observation of S
bands in191Au @12#, which have 1/2\ alignment with respec
to 192Hg, has been suggested as evidence for the odd
siproton occupying one level of the pseudospin doublei
5 s̃51/2. Moreover, the identical SD bands observed
152Dy and 151Tb @1,2# were cited as evidence for the validit
of the pseudospin coupling scheme because the resu
pseudo Nilsson asymptotic quantum numbers, rather than
usual Nilsson asymptotic quantum numbers, gave the
served value of the decoupling parameter,a51. The rela-
tionship between the decoupling parameter and the p
dospin coupling scheme is discussed in Ref.@13#.

Recently, gamma-ray decays from superdeformed to l
lying normal deformed states have been observed
194Hg(1,3) @14,15# and 194Pb(1) @16,17#, enabling the level
spins in these SD nuclei to be unambiguously determine
was shown that194Hg band 3 has odd integer spins in agre
ment with the spin-fit procedure, thus confirming the u
alignment proposed by Stephenset al. @3,4#. However, while
unit alignment is confirmed, these data on the decay of
excited SD band194Hg(3), both to the normal deformed
states and the yrast~ground state! SD band194Hg(1), sug-
gest that194Hg(3) has negative parity unlike its identic
band partner,192Hg, which most likely has positive parity
An observed parity difference between identical bands wo
rule out pseudospin alignment as the mechanism respon
for generating the observed unit alignment, since pseudo
partners have the same parity.

This paper presents the results of an experimental
theoretical study of the inertias and alignments of super
formed bands inA;190 nuclei to determine to what exte
the experimental properties~e.g., unit alignment! can be de-
scribed by present calculations. In Secs. II and III we pres
the results from studies of experimental data and calculat
respectively, and show that SD bands aroundA5190 can be
grouped into three families according to whether the ba
have~i! a zero-quasiparticle structure,~ii ! at least one neu
tron or one proton quasiparticle, or~iii ! both neutron and
proton quasiparticles. We find that theory reproduces the
currence of three groups of SD bands, but does not g
identical band pairs to the same degree as seen in ex
ment. In Sec. IV the results of detailed microscopic calcu
tions are used to suggest an understanding of the obse
04430
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near unit alignments. These calculations indicate that b
valence quasiparticles and the ‘‘core’’ contribute to the
alignments and hence they do not have a unique source

II. STUDY OF EXPERIMENTAL ALIGNMENTS
AND INERTIAS

The results from a ‘‘global’’ study ofA;190 SD band
alignments and moments of inertia are presented in this
tion. We show that the relative spins~alignments! are not
‘‘randomly’’ distributed, but they tend to lie within one o
three groups characterized by their alignment and depen
on their quasiparticle structure. It is further shown that the
alignments are of the order of;1\ and result from low-spin
effects.

A plot of spin ~I! versus rotational frequency (\v
5Eg/2) for 57A;190 SD bands is shown in Fig. 1~a! illus-
trating the similarity ofA;190 SD bands to each other. Th
data~transition energies! were taken from the table of supe
deformed nuclear bands and fission isomers@18#. On closer
inspection, however, there are differences between the b
that can be seen more clearly@Fig. 1~b!# after a reference
curve ~band! has been subtracted. Figure 1~b! represents the
alignment,DI 5I band2I ref ~obtained at the same frequency!,
whereI bandis the spin of a known band andI ref is the spin of
the reference band. This reference was defined to be the
erage’’ band obtained by fitting a third-order polynomial
all the data points, and the alignment for each band w

FIG. 1. ~a! The level spins of SD bands in theA;190 region
plotted as a function of rotational frequency (\v5Eg/2). The level
spins were obtained using a spin-fit procedure.~b! Alignment of the
bands in~a! obtained by subtracting a reference derived from
third-order polynomial fit to all the data points:I (Eg)5a1bEg

1cEg
21dEg

3 , where a50.95, b50.04498,c53.76131026, and
d57.22731029. The solid lines~i!, ~ii !, ~iii !, and ~iv! correspond
to the following SD bands: 192Hg(1), 193Hg(2), 193Tl(1), and
194Tl(1), respectively.
1-2
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ORIGIN OF UNIT ALIGNMENT IN SUPERDEFORMED . . . PHYSICAL REVIEW C60 044301
calculated at the rotational frequency corresponding to
observed gamma-ray transition. Recall that the spins
most SD bands have not been measured and a spin-fit
cedure was used to determine the level spins.

Between\v50.15 and 0.3 MeV the data points~i.e.,
bands! separate into three groups, suggesting the occurre
of three ‘‘families’’ of SD bands offset in spin with respe
to each other. These three groups are seen more clear
projecting theDI 2Eg plot @Fig. 1~b!# onto the spin axis, as
shown in Fig. 2. The projection was carried out over the f
rotational frequency range spanned by the SD bands,\v
50.1–0.4 MeV, and over the restricted ranges\v50.1–0.15
MeV and \v50.15–0.30 MeV. The restricted frequenc
ranges were chosen to correspond to be either~a! just below
the point or ~b! in the range where the separation in sp
~alignment! is most pronounced in Fig. 1~b!. Since the plots
in Fig. 2 are projections, each band contributes several al
ment values. The three ‘‘peaks,’’ which correspond to
three groups, are separated by;1\, but the peaks are no
narrow ~not ‘‘delta functions’’!; instead they are broad rela
tive to the;1\ separation. Most bands havei'0 relative to
our reference.

Another way to view the separation of the SD bands i
the three groups is to compare the moment of inertia,I(2),

FIG. 2. The projection of the data points in Fig. 1~b! onto the
spin axis. Since a reference has been subtracted~as described in the
caption to Fig. 1!, this plot gives the alignment~spin difference at a
fixed rotational frequency! relative to the reference ‘‘band’’~de-
fined in the text!. The left-hand plot contains data over the ent
frequency range~\v;0.1–0.4 MeV!, the center plot is restricted to
the frequency range\v50.1–0.15 MeV, and the right-hand plo
has data restricted to\v50.15–0.3 MeV. The restricted frequenc
ranges were chosen to correspond to be either~a! just below the
point or ~b! in the range where the separation in spin~alignment! is
most pronounced in Fig. 1~b!. The labels refer to the majority-band
type contributing to each of the three distributions, i.e.,~i! even-
even zero-quasiparticle~SD ground state! bands,~ii ! singly blocked
bands with either an unpaired proton or neutron, or~iii ! doubly
blocked bands corresponding to the occupation of both an unpa
proton and neutron orbital~a two-quasiparticle state!.
04430
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for neighboring SD bands at low rotational frequency.2 Each
plot in Fig. 3 contains an even-even yrast SD band~the
‘‘core’’ ! together with SD bands from neighboring nucl
with either an odd neutron or proton, or both an odd neut
and an odd proton: e.g., the lower middle plot in Fig.
shows theI(2) for 80

192Hg112(1), 80
193Hg113(2), 81

193Tl112(1),
and 81

194Tl113(1). The band 193Hg(2) was used rather tha
193Hg(1) since the latter interacts@20# with ~crosses! another

2Superdeformed bands with an unpaired intruder orbital are
included in Fig. 3 because the occupation of a single~unpaired!
intruder orbital ‘‘blocks’’ the paired band crossing leading to
‘‘flat’’ I(2) moment of inertia@19# and hence these bands have ve
different alignments with respect to those bands with an even n
ber of intruder orbitals occupied.

ed

FIG. 3. The dynamic moments of inertia,I(2), as a function of
the rotational frequency for selectedA;190 SD bands. Each plo
contains four~or three! SD bands consisting of an even-even ze
quasiparticle ‘‘core,’’ neighboring singly blocked bands, and a do
bly blocked band. Singly blocked refers to the occupation of
unpaired proton or neutron orbital~a one-quasiparticle state! and
doubly blocked refers to the occupation of both an unpaired pro
and neutron orbital~a two-quasiparticle state!. Note that in all cases
the blocked configuration does not involve a high-j neutron intruder
~see text for details!. The inertias deviate at the lowest frequenci
and then become similar at higher frequencies. The neutron n
bers at the top refer to the even-even~core! nucleus in that column.
The following bands were used:190Hg(1), 191Hg(2), 192Hg(1),
193Hg(2), 194Hg(1), 192Tl(3), 193Tl(1), 194Tl(1), 195Tl(1),
192Pb(1), 193Pb(5), 194Pb(1), 195Pb(3), and196Pb(1). Numbers in
parentheses refer to the particular band.
1-3



s
fe
e

e
-

y
e

r

th
e

e
w
te

s
an

te
s
dd

s
b

o

n
od
ve
lid

a

-
e

Th
i-

s
nc

e to
is
nt

he
of
-

t of
ven

tate
air-
tia.

s a
is

, at
ent
ue

ny
t

xtra
hat

to

ital
ally
ng.

ect
e to

ved
c-

of

ts,

is
arily
D
tion

n-

vide

y
at
ies
o-

P. FALLON et al. PHYSICAL REVIEW C 60 044301
SD band,193Hg(4), thereby introducing large irregularitie
that obscure the phenomenon we wish to study. We will re
to these plots asI(2) sets. The three families, evident in th
aligned spin plot~Fig. 2!, are clearly seen for eachI(2) set.
Without exception, at low frequency, the yrast even-ev
bands have the lowestI(2), the neighboring even-odd/odd
even singly odd~p or n! bands have a largerI(2), and the
doubly odd bands~p andn! have the largestI(2) values. As
the rotational frequency increases, theI(2) curves become
similar, and between\v'0.25 and 0.35 MeV they are ver
similar irrespective of whether the band is even-even, ev
odd/odd-even, or odd-odd.

The low-spin deviations inI(2) ~and the corresponding
alignments! are also found to be largely independent of~i!
the number oflike quasiparticles outside the even-even co
nucleus~e.g., the one-quasineutron bands in193Hg have the
sameI(2) as the two-quasineutron bands in194Hg!, and ~ii !
whether the odd particle is a proton or a neutron@e.g.,
193Hg(2) has the sameI(2) as 193Tl(1) at low frequencies#.
The ‘‘average-band’’ reference used in this study has
alignment properties of a ‘‘singly odd’’ band, but is also th
same as that of the two-quasineutron SD bands in194Hg
~bands 2 and 3!, thus further emphasizing the point that th
alignments do not depend on whether one or t
quasineutrons are involved, as long as the intruder sta
not blocked.

The separation between theI(2) curves in Fig. 3 suggest
a simple correlation between the group to which each b
belongs and the number of quasiparticles~unpaired nucle-
ons! associated with that band. We find thatA;190 SD
bands are grouped according to whether they contain~i! no
unpaired particles~i.e., a zero-quasiparticle ground-sta
band in an even-even nucleus!, ~ii ! either unpaired neutron
or protons ~e.g., a one-quasiparticle band in an even-o
odd-even nucleus!, or ~iii ! both unpaired neutronsand pro-
tons ~e.g., a two-quasiparticle band in an odd-odd nucleu!.
That is, it is only necessary to consider whether the num
of unpaired quasiparticles, either neutron or proton, is zer
nonzero. This simple approach correctly places;80% of the
SD bands used in Fig. 1 as even-even, even-odd/odd-eve
odd-odd. Excluding bands that are believed to have an
number of occupied neutron intruder orbitals results in o
90% of the SD bands being correctly identified. The so
lines in Fig. 1~b!, labeled~i!, ~ii !, ~iii !, and~iv!, correspond to
the SD bands192Hg(1), 193Hg(2), 193Tl(1), and 194Tl(1),
which are examples of even-even, even-odd, odd-even,
odd-odd bands, respectively.

The occurrence of three groups of bands@Figs. 1~b!, 2,
and 3# requires two things to happen. First, at low spins~low
rotational frequency\v!, I(2) deviates, resulting in a non
zero alignment between SD bands in different groups. S
ond, at some rotational frequency~which turns out to be
\v;0.25 MeV in the experimental data!, the I(2) values
must become similar and remain so for many transitions.
frequency at which theI(2) moments of inertia become sim
lar defines the alignment for those bands (i 5DI
5*0

vDI(2)dv)—it is important to note that if the moment
of inertia continued to deviate one would not observe disti
04430
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~separate! peaks in the alignment plot~Fig. 2!.
From these observations a number of questions com

mind. Why do the bands deviate at low frequency? Why
I(2) so similar at higher frequencies? Why is the alignme
;1\? Probably the simplest qualitative explanation for t
low-spin deviations is that they arise due to the effects
‘‘pair blocking.’’ Pair correlations ‘‘suppress’’ the genera
tion of angular momentum and lead to a smaller momen
inertia than the unpaired value. In this picture, the even-e
fully paired state has the lowestI(2). Adding a neutron or
proton into a state near the Fermi surface removes that s
from the correlation, thus reducing the magnitude of the p
ing strength and resulting in an increased moment of iner
Similarly, blocking both a neutron and a proton orbital ha
greater effect and the moment of inertia is larger still. This
precisely the feature observed in experiment and thus
least qualitatively, the pair-blocking scenario is in agreem
with the data. The differences in the moments of inertia d
to pair blocking result in a change in alignment of ma
nucleons; it is the difference in the ‘‘core’’ alignment, no
that of the odd quasiparticle itself, which generates the e
spin ~of course it is the presence of the odd quasiparticle t
causes the core to be different in the first place!.

In Ref. @21# the effect on the pairing strength due
blocked quasiparticle levels was investigated inA;190 SD
bands. It was shown that after one neutron or proton orb
is blocked the already reduced static pair gap is practic
quenched, leaving only the so-called dynamical pairi
Therefore the addition of further neutrons~protons! does not
greatly alter the strength of the pair correlations. The eff
of reduced pair correlations on the moments of inertia, du
blocking, was investigated further in Ref.@22# where im-
proved quantitative agreement with experiment was achie
by including both seniority and quadrupole pairing intera
tions.

While pair blocking provides a plausible~qualitative! ex-
planation for the observed differences in the moments
inertia ~i.e., why the bands deviate at low spin! the observed
alignments could have their origin in a number of effec
i.e., DI 5d i qp1d i pairing1d i def1 . . . , whered i qp is the con-
tribution to the alignment from the valence particle~s!,
d i pairing is due to the ‘‘quenching’’ of pairing, andd i def is the
effect due to changes in deformation.~The decomposition
into various contributions is somewhat arbitrary, and it
recognized that the terms given above are not necess
independent.! In previous works the alignment between S
bands has been mainly discussed in terms of the contribu
from d i qp. The pseudospin alignment explanation@3,4# for
unit alignment in identical bands and the study of the alig
ments in Tl isotopes relative to192Hg @23# are both examples
where the valence quasiparticles are considered to pro
the dominant contribution. Whether the origin of theI(2)

differences inA;190 SD bands at low rotational frequenc
is pair blocking and/or quasiparticle alignment, it is clear th
they need to become sufficiently small at higher frequenc
so that bands in neighboring nuclei exhibit very similar m
ments of inertia over many transitions.
1-4
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III. CALCULATED PROPERTIES

In order to gain insight into the relative contributions
the total alignment~i.e., quasiparticle and/or core-pairing e
fects! we performed a study of calculatedA;190 SD bands
comparable to that carried out for experimental data. Sec
III A contains a brief description of the calculations, an
Section III B contains the results from a systematic study
the calculated bands and a comparison with experiment.

A. Theoretical models

There are already a number of published applications
the Strutinsky method@24,25# as well as fully self-consisten
Hartree-Fock-Bogoliubov~HFB! calculations involving both
Skyrme@26,27# and Gogny@28,29# interactions. In all these
works the inclusion of higher order pairing effects and t
restoration of good particle number was found to be nec
sary to assure proper treatment ofA;190 SD bands. In fact
techniques such as the double-stretched quadrupole pa
interaction @25#, the surface-active density-dependent de
interaction @30#, and the Lipkin-Nogami~LN! number-
projection techniques@31–35# were first applied in large-
scale calculations inA;190 SD nuclei@24–28#. Afterwards,
following numerous successful applications in other m
regions, they became standard methods for high-spin p
ics.

Most publications addressing the physics of SD ba
deal with band-to-band comparisons between theoretical
experimental data. In what follows we will compare therela-
tive properties of SD bands~alignments, inertias, etc.! ob-
tained from experiment with the same relative quantit
from calculation. The aim of this work is~i! to perform
large-scale calculations and make global comparisons
various calculated and measured properties for many
bands and~ii ! to look into the physical mechanisms respo
sible for the occurrence of certain systematic effects such
for example, the alignments that lead to the three group
SD bands discussed above. Two types of cranked mean-
calculations were performed: total Routhian surface~TRS!
Strutinsky-type calculations and fully self-consiste
Skyrme-Hartree-Fock-Bogoliubov~Skyrme-HFB! calcula-
tions. Not all the possible configurations assigned to exp
mental SD bands were available from calculation~especially
for HFB calculations, which are more time consuming th
TRS calculations! and thus only a limited data set was us
to compare experiment and calculation. The configurati
were chosen to be consistent with the experimental band
Fig. 3 and are generally the most energetically favorable
each parity and signature.

The TRS calculations involve a deformed Woods-Sax
~WS! potential @36# in the particle-hole~p-h! channel, and
seniority and double-stretched quadrupole pairing inter
tions in the particle-particle (p-p) channel. The LN approxi-
mate number-projection technique@31–35,24,26# is used to
prevent the collapse of pairing at higher rotational frequ
cies. The strength of the seniority pairing force is calcula
using the average gap method@37# and the strength of the
quadrupole pairing interaction is calculated at zero freque
using the method of Ref.@38#, which restores local Galilean
04430
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invariance. The total Routhian is calculated using the Stru
sky shell-correction method@39,40# on a mesh in deforma
tion space involving quadrupole~b2 and g! and hexadeca-
pole~b4! deformations. The macroscopic energy is describ
using the liquid-drop model of Ref.@41#. The pairingp-p
channel is treated fully self-consistently; i.e., the LN equ
tions are solved rigorously at each deformation point and
each rotational frequency. For further details on the mo
we refer the reader to Refs.@25, 24, 42#. It is important to
stress that the parameters of both the WS potential and
strengths of the pairing force were adjusted to reproduce
bal properties across the nuclear chart and for a wide ra
of deformations, and no additional readjustments have b
done to improve the agreement of TRS calculations with
present data onA;190 SD bands.

The TRS calculations have been performed forN
5108– 116 isotones of79Au, 80Hg, 81Tl, and 82Pb. For
even-even nuclei only the vacuum configuration was cal
lated and for each odd~odd-odd! nucleus 4~16! one-~two-!
quasiparticle configurations were calculated. However, o
a limited number of the total TRS calculated bands w
used for this study. The quasiparticles occupied the low
states of a given signature and parity~p,a! at zero rotational
frequency.

The method used to perform Skyrme-HFB calculatio
has been presented in Ref.@27#. The nucleon-nucleon effec
tive interaction in the particle-hole channel is the Skyrm
force within the SLy4 parametrization@43#. In the pairing
channel we use a zero-range force with a surface-pea
density dependence as described in Ref.@27#, with the pa-
rametrization adapted to the SLy4 Skyrme force and deri
in a study of SD in the massA5150 region@44#. As for the
TRS calculations, the mean-field method has been corre
by means of the LN prescription to take into account t
finite number of nucleons. This combination of mean-fie
p-h and p-p ~pairing! forces has been shown to lead to
good description ofI(2) values for SD bands. The quasipa
ticle excited bands were treated fully self-consistently as
Refs. @45,46#. The HFB calculations, being significantl
more time consuming than TRS calculations, were limited
fewer configurations.

B. Dynamical moments of inertia and alignments

The calculated~TRS and HFB! I(2) values are given in
Fig. 4. The same SD bands~configurations! as shown in Fig.
3 were used, and the calculatedI(2) curves were subdivided
into I(2) sets comprising four or three SD bands. The yr
even-even bands have the lowestI(2), the neighboring one
quasiparticle even-odd/odd-even bands have largerI(2)’s,
and the two quasiparticle odd-odd bands have the largestI(2)

values, in agreement with experiment although for both T
and HFB calculations the spread inI(2) is larger than experi-
ment. The larger dispersion inI(2) means there will be a
correspondingly larger alignment. An additional proble
arises for190Hg calculated from TRS; theI(2) is too large at
\v'0.3 MeV. This, as discussed in Ref.@25#, is because the
neutron-paired band crossing occurs too soon in the T
calculation forN5110. We also note that in TRS calcula
1-5
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FIG. 4. Same as Fig. 3, but for calculatedA;190 SD bands.
The results from~a! TRS and~b! HFB calculations are shown. Th
following band configurations were used:190Hg(V), 191Hg(A),
192Hg(V), 193Hg(A), 194Hg(V), 192Tl( pAnA), 193Tl(A),
194Tl( pBnA), 195Tl(A), 192Pb(V), 193Pb(A), 194Pb(V), 195Pb(A),
and196Pb(V), whereV is the vacuum configuration,p andn refer to
either quasiproton or quasineutron, andA and B are the lowest

1 parity,1, 2 signatures, respectively. These configurations c
respond to those assigned to the experimental bands in Fig. 3
04430
tions the configuration of the minimum energy solution m
change adiabatically, and as a consequence, interpolatio
the lattice~mesh! may result in significant fluctuations in th
calculatedI(2), especially at higher frequencies in the vici
ity of the paired band crossings. The HFB calculatedI(2)

curves show less fluctuation compared with the TRS curv
and at higher rotational frequencies there is the tendency
them to converge towards two curves rather than the sin
curve seen in experiment. In HFB calculations it is the ban
which differ by an odd proton rather than those differing
an odd neutron that have identicalI(2)’s at higher frequen-
cies. For example,193Tl and 192Hg have the sameI(2) for
\v>0.25 MeV, as do194Tl and 193Hg.

The distribution ofDI(2) is shown in Fig. 5 for the ex-
perimental data and the TRS and HFB calculations. The p
centage variation inI(2) (DI(2)) was obtained from

DI(2)51003
I(2)~v!2Iref

(2)~v!

Iref
(2)~v!

.

The reference band is once more taken to be theaverageof
either the experimental, TRS, or HFB calculated SD ba
and the differenceDI(2) was obtained at several frequenc
intervals D\v'20 keV. The top row in Fig. 5 gives the
distribution ofDI(2) for the 57 experimental SD bands co
sidered in this study. The middle and bottom rows give
-

FIG. 5. Distribution ofI(2), the variation in the dynamic mo
ments of inertia, betweenA;190 SD bands. The differenceDI(2) is
given relative to the appropriate reference band for either exp
ment or calculation~see text for details!. Solid circles are from
experiment~top two rows!, and solid squares and open triangles a
from HFB and TRS calculations, respectively~bottom row!. The
top row gives the distribution for the 57 experimental SD ban
considered in this study. The middle and bottom rows give
distribution for the same 14 experimental and calculated SD ba
in Figs. 3 and 4, and allows a direct comparison between exp
ment and calculation to be made. In all cases the distribution inI(2)

was determined over three frequency ranges: corresponding to
full range \v;0.1–0.4 MeV ~left column!, \v50.1–0.15 MeV
~center column!, and\v50.15–0.3 MeV~right column!.
1-6
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ORIGIN OF UNIT ALIGNMENT IN SUPERDEFORMED . . . PHYSICAL REVIEW C60 044301
distribution for the 14 experimental and calculated SD ba
shown in Figs. 3 and 4, and since the same 14 bands~con-
figurations! are considered, these plots allow direct compa
son between experiment and calculation. In all cases the
tribution inI(2) was determined over three frequency rang
~i! the full range\v50.1–0.4 MeV~left column!, ~ii ! \v
50.1–0.15 MeV ~center column!, and ~iii ! \v50.15–0.3
MeV ~right column!. As expected, from theI(2) curves in
Figs. 3 and 4, the distributions are wider at low frequenc
and they become narrower above\v50.3 MeV. The distri-
butions for the TRS and HFB calculations are similar~lower
row of plots! and both are slightly broader than experime
~middle row!.

Having shown, in Fig. 4, that the three groups of S
bands are evident in the calculatedI(2) curves, we now con-
sider their alignments. Figure 6 gives the alignment of H
calculated bands together with the corresponding experim
tal bands. The plot was generated using the same metho
Fig. 2. Each set of SD bands~experiment, HFB, TRS! was
compared with its own~internal! average reference band d
rived from a third-order polynomial fit to the 14 bands with
each set. In each plot the central peak~thick line! corre-
sponds to the odd-even/even-odd bands and the peaks t
left and right are derived from even-even and odd-odd ban
respectively. The peaks contain the following band types~i!
Left peak: 190Hg(1), 192Hg(1), 194Hg(1), 192Pb(1),
194Pb(1), 196Pb(1) ~even-even bands!. ~ii ! central peak:
191Hg(2), 193Hg(2), 193Tl(1), 195Tl(1), 193Pb(5), 195Pb(3)
~odd-even/even-odd bands!. and ~iii ! Right peak:192Tl(3),

FIG. 6. Alignment of the 14A;190 SD bands shown in Figs.
~experiment! and 4~HFB and TRS calculations!. For each set~ex-
periment, HFB, TRS! the bands were compared with an avera
reference band derived from the 14 bands within each set. Sep
histograms are shown for even-even ground-state, odd-even/e
odd ‘‘singly’’ blocked, and odd-odd two quasiparticle SD bands.
each plot the central peak~thick line! corresponds to the odd-even
even-odd ‘‘singly’’ blocked bands; the peaks to the left and rig
are the even-even zero quasiparticle and odd-odd two quasipa
bands, respectively. The average alignment for each of the b
types is given above each peak. In experiment the even-even b
produce two peaks at21.6 and 0.5\.
04430
s

i-
is-
:

s

t

n-
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the
s,

194Tl(1) ~odd-odd bands!. A similar separation of the three
groups~band types! is observed in all three data sets~experi-
ment, HFB, TRS!. The numerical value of the average alig
ment for the three groups~band types! is shown in the figure.
Since more even-even SD bands were used, compared
odd-odd bands, the reference used does not give an a
ment for the odd-even/even-odd bands that is centeredi
'0\. However, the separation between the different ba
types is stillD i'1\. Note that in experiment the even-eve
bands are split; the ‘‘peak’’ ati;21.6\ is due to the yrast
SD bands in190Hg and196Pb. These bands have the smalle
I(2) values at low frequencies.

A quantitative comparison of experimental and calcula
alignments for individual band pairs was also carried o
enabling the alignments to be studied as a function of ro
tional frequency on a case-by-case basis. These are plott
Fig. 7 as a function of rotational frequency relative
192Hg(1). Theyrast SD band in192Hg has typically been the
reference of choice when comparing specific SD bands,
we have used this reference in Fig. 7 to allow easier co
parison with previous studies. In general, both TRS and H
calculations are able to reproduce the experimental al
ments to within;0.5\. While this accuracy is often suffi
cient when assigning specific configurations to a band i
not sufficient to resolve the question of identical bands t
typically have alignments within;0.1\ of an integer value
for many transitions. For example, Fig. 7 indicates that c
culation gives an identical band pair in at least one c
(194Pb-192Hg) but not for every case; the193Hg signature
partner bands~bands 2 and 3! based on the high-K @624#9/2

ate
en-

t
cle
nd
ds

FIG. 7. Experimental~solid squares! and calculated alignment
for a range ofA;190 SD bands relative to that of the yrast192Hg
SD band. TRS and HFB data points are given by open diamo
and open circles, respectively. Experimental alignments are rela
to 192Hg band 1 and calculated alignments use the appropriate~ei-
ther TRS or HFB! calculated192Hg vacuum band. The following
bands~and configurations! were used;191Hg band 2~nA!; 193Hg
band 2 (nA), 194Hg band 1 (V), 193Tl band 1 (pA), 194Tl band 1
(pBnA), 195Tl band 1 (pA), 194Pb band 1 (V), 195Pb band 3 (nA),
and196Pb band 1 (V), whereV is the vacuum configuration,p and
n refer to either quasiproton or quasineutron, andA and B are the
lowest 1 parity, 1, 2 signatures, respectively.
1-7
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orbital are known to be very good examples of identi
bands when referenced to192Hg(1), yet both the TRS and
HFB calculation yield too much alignment. On the oth
hand, the195Tl-192Hg pair provides an example where HF
calculation gives a better identical band pair than exp
ment. Other cases show reasonable agreement with da
least for the HFB calculation, but for these nuclei the expe
mental alignment does not have an integer value over m
transitions and hence they would not be considered ‘‘goo
identical bands.

To summarize this section, we have shown that our c
culations show good agreement with general experime
properties, but the calculations do not reproduce the spe
alignment of SD band pairs; nor, in general, do they g
‘‘good’’ identical bands.

IV. MICROSCOPIC ORIGIN OF THE LOW-SPIN
ALIGNMENTS WITHIN THE MEAN-FIELD

THEORY

In this section we address the more specific question
garding the microscopic origin of the low-spin alignmen
namely, isDI mostly due to a quenching of the bulk pairin
properties~a core effect!, or is it due to valence quasiparticl
alignment? A basic difficulty in determining the relativ
roles of the ‘‘core’’ and valence quasiparticle alignmen
within a mean-field theory, is that the mean field lacks
notion of a core and additional problems arise due to nuc
self-consistency, which strongly couples the pairing a
shape degrees of freedom. Consequently, the conclus
given below, regarding the numerical values of the deco
position into quasiparticle (dI qp) and core (dI core) align-
ments, depend upon the following definitions.

In HFB theory the one-quasiparticle density matrix can
written as~see, for example,@47#!

ra,b
(K) 5ra,b

(o) 2@Va,K* Vb,K2Ua,KUb,K* #. ~1!

Indicesa,b refer to the single-particle basis, capital lette
~e.g.,K! refer to quasiparticle states,U andV are the usual
occupation probabilities, andra,b

(K) andra,b
(o) are density ma-

trices. Since the form of the density matrixra,b
(o) ,

ra,b
(o) 5(

L
Va,L* Vb,L , ~2!

is analogous to the density matrix in an even-even nucleu
can naturally serve as a definition of the density of alocal
core in an odd-A nucleus. Exploring further this analogy w
can use Eq.~1! and write the total spin in an odd-A nucleus,
I x

(K) ~K denotes a blocked quasiparticle!, as the sum of the
core I x

(o) and quasiparticledI (K) contributions:

I x
(K)5Tr~ j xr

(K)!5I x
(o)1dI x

(K) , ~3!

where

I x
(o)[Tr~ j xr

(o)![(
L

(
a,b

j x
a,bVb,L* Va,L ~4!
04430
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dI x
(K)[2(

a,b
j x
a,b~Vb,K* Va,K2Ub,KUa,K* !. ~5!

Using the above and defining the spin of the even-e
‘‘core’’ nucleus asI x

core we obtain

DI[I x~v!2I x
core~v!5@~ I x

(o)~v!2I x
core~v!#1dI x

(K)~v!

[dI core1dI qp, ~6!

i.e., a decomposition of the relative alignmentDI into core
and quasiparticle contributions, respectively.

Table I gives the total alignmentDI and the contribution
from quasiparticle,dI qp, and ‘‘core,’’ dI core, alignments cal-
culated~using the HFB procedure described above! for the
specified quasiparticle orbitals with respect to192Hg. To in-
vestigate only pairing properties we performed pairing se
consistent LN calculations with fixed shape parameters
the Woods-Saxon potential ofb250.48,b450.06, andg50
for all nuclei listed in the table. This deformation corr
sponds to that of the192Hg core predicted by a TRS calcu
lation at low rotational frequency. The decomposition, E
~3!–~6!, is valid for HFB calculations, but not for calcula
tions using the LN method since this gives a prescription
recalculate observables only and not individualU andV co-
efficients. Therefore, for LN calculations we provided on

FIG. 8. Neutron and proton quasiparticle Routhians forZ580,
N5112 (192Hg) atb250.48,b450.06, andg50. Asymptotic Nils-
son quantum numbers label the lowest states and the parity
signature are given by~p,a!: solid line5~1,11/2!, dotted line5
~1,21/2!, dot-dashed line5~2,11/2!, and dashed line5~2,21/2!.
1-8
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TABLE I. Calculated values ofDI ~in units of\! for the lowest SD bands in81
193Tl112, 80

191Hg111, and80
193Hg113 relative to that of the192Hg

SD vacuum at two frequencies\v50.08 ~i.e., near zero! and\v50.28 MeV ~close to where the experimentalJ(2) moments of inertia, in
general, converge!. Calculated quasiparticle,dI qp, and core,dI core, contributions to the alignmentDI are compared with self-consisten
Lipkin-Nogami,DI LN , and TRS calculations,DI TRS, and experimental data,DI expt. For experiment, the alignment at\v50.08 MeV was
derived by extrapolation. Calculations were performed for the lowest quasiparticle states with a given parity and signature~p,a!. The
quasiparticles are labeled by Nilsson quantum numbers@NnzL#V ~dominant component! and by the parity and signature quantum numb
~p,a!5~1,1!~1,2!~2,2!~2,1! further abbreviated to A, B, E, and F, respectively.

Orbital ~p,a! \v @MeV# dI qp dI core DI DI LN DI TRS DI expt

Z581 @642#5/2 A 0.08 0.92 20.20 0.72 0.65 0.62 0.74
0.28 2.10 20.44 1.66 1.53 1.50 1.43

@642#5/2 B 0.08 0.99 20.18 0.81 0.75 0.71 0.71
0.28 1.82 20.38 1.44 1.34 1.36 1.18

@514#9/2 E 0.08 0.21 0.19 0.40 0.39 0.28
0.28 0.03 0.86 0.89 0.76 1.02

@514#9/2 F 0.08 20.22 0.19 20.03 20.03 20.06
0.28 20.19 0.72 0.53 0.46 0.55

N5111 @642#3/2 A 0.08 0.23 0.19 0.42 0.41 0.39 0.62
0.28 0.01 0.96 0.97 0.85 0.84 1.03

@642#3/2 B 0.08 0.10 0.15 0.25 0.24 0.19 0.87
0.28 0.29 0.75 1.04 0.96 0.82 1.12

@761#3/2 E 0.08 2.76 20.30 2.46 2.38 2.49 2.95
0.28 2.66 20.05 2.61 2.55 2.85 2.69

@761#3/2 F 0.08 1.89 20.27 1.62 1.54 1.38 1.55
0.28 0.68 20.33 0.35 0.21 0.38 0.21

N5113 @642#9/2 A 0.08 0.18 0.24 0.42 0.42 0.37 0.55
0.28 0.22 1.16 1.38 1.30 1.38 0.93

@642#9/2 B 0.08 0.16 0.21 0.37 0.37 0.33 0.57
0.28 0.29 1.15 1.44 1.35 1.46 0.97

@752#5/2^@512#5/2a E 0.08 0.80 0.14 0.94 0.87 1.20 0.25
0.28 2.09 0.37 2.46 2.34 3.04 2.10

@752#5/2^@512#5/2a F 0.08 0.58 0.16 0.74 0.69 1.03 0.95
0.28 0.42 0.35 0.77 0.63 0.72 0.51

aTheV53/2 and 5/2 components of theN57 intruder orbital~@761#3/2, @752#5/2!, which originate from the sphericalj 15/2 orbital, are highly
mixed.
a
u

e
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the total alignmentDI LN . The ‘‘schematic’’ results~i.e.,
dI qp, dI core and DI ! are further compared with full TRS
calculations,DI TRS, which include shape dynamics as
function of \v and shape changes from nucleus to nucle
Finally, the experimental alignmentDI expt is also given. The
alignments presented in Table I were calculated at frequ
cies\v50.08 MeV and 0.28 MeV.

In almost all cases shown in Table IDI'DI LN'DI TRS,
indicating relatively small corrections due to either L
renormalization of the occupation probabilities and/or det
in the shape dynamics. The most important ingredients
creatingDI are therefore pairing~core! and the quasiparticle
alignments carried by a given orbital.

The relative importance ofdI core and dI qp contributions
varies from orbital to orbital. The relevant orbitals~quasipar-
ticle Routhians! are shown in Fig. 8. The diagram is appr
priate for 192Hg at b250.465, b450.048, andg50. This
figure also illustrates thepAB and nEF quasiparticle band
crossings that give rise to the smoothly increasingI(2).

The different alignment contributions resulting from th
occupation of high-K ~extruder! or low-K intruder orbitals
04430
s.

n-

s
in

FIG. 9. Plot of the calculated alignments, at\v50.28 MeV
given in Table I, due to the occupation of a single quasiproton
quasineutron level outside the192Hg core.A andB refer to the two
signatures for each level. The total calculated alignment, the co
bution from the valence quasiparticle, and the core are shown
gether with the observed experimental alignments.
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are also illustrated in Fig. 9~values are for\v50.28 MeV
taken from Table I! and can be intuitively understood b
considering the relative importance of the Coriolis force
these orbitals. Blocking an ‘‘extruder’’ Nilsson state, such
n @624#9/2 or p @514#9/2, causes changes inDI predomi-
nantly through rearrangements in the core. The same is
at least at higher spins, for then @642#3/2 state. On the othe
hand, for bands with thep @642#5/2 state occupied the effec
is mainly due to quasiparticle alignment. Note that this
bital originates from the sphericali 13/2 intruder state. In fact,
similar quasiparticlelike dominance is seen for other intru
states, e.g.,n @761#3/2 andn @752#5/2^@512#.

In general, we find that the alignments arising from sm
deviations in the moments of inertia at low frequencies h
both a core~pairing! and quasiparticle component. There
nonetheless, a tendency for the relative importance of th
two contributions to vary and to depend on the detai
structure, e.g., whether the odd nucleon occupies a high
low-K orbital.

V. SUMMARY AND CONCLUDING REMARKS

The global alignment and the moment of inertia stud
indicate the tendency forA;190 SD bands to distribute
themselves among the following three groups character
by their alignments and the number of unpaired nucleons~i!
zero-quasiparticle bands,~ii ! ‘‘singly blocked’’ bands with
either one~or more! quasiproton~s! or quasineutron~s!, or
~iii ! ‘‘doubly blocked’’ bands with both proton and neutro
quasiparticle states. The alignments cluster around inte
values~i'21,0,1, relative to the reference chosen for th
study!, but the distribution is not strongly peaked: rather it
relatively ‘‘broad’’ compared with the separation, suggesti
that the ‘‘strict’’ quantized alignments observed in some n
clei are not a systematic feature of allA;190 SD bands.
Both HFB and TRS~Strutinsky method! calculations repro-
duce these global properties and give this same distribu
of bands into three groups.

For most SD bands in theA;190 region the observe
low-spin alignments are small,;1\, and several mecha
nisms may be expected to contribute to the effect. Inde
the microscopic HFB calculations presented in this pa
indicate that within this mean-field theory these alignme
do not have a unique source. Both core and quasipar
effects, as well as other elements such as shape cha
and/or dynamical correlations, though to a lesser extent,
fluence the final value of the calculated alignments. There
nonetheless, a tendency for the relative importance of
core and quasiparticle contributions to depend on the na
of the occupied quasiparticle orbital. One the one hand,
high-K neutrons aroundN5112 do not contribute a signifi
cant quasiparticle alignment and the observed alignm
mainly arise due to a pair-blocking effect. Thus the expec
tion that the presence of an odd particle should affect pai
at low frequencies~spins!, which in turn influences the gen
eration of angular momentum, is justified by calculation.
the other hand, the near unit alignment relative to192Hg due
04430
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to the occupation of the intruder@642#5/2 proton orbital~e.g.,
193Tl bands 1 and 2! comes mainly from the quasiparticl
itself, with a smaller contribution from the core.

Let us now consider our results within the context of ide
tical bands. In general, the calculations presented in this
per reproduce the experimental alignments to an accurac
;0.5\. To describe the observed identical bands, howev
the alignment has to be within;0.1\ of an integer value
~over a wide frequency range! and thus, at this time, it is no
possible for mean-field calculations to reliably reproduce
phenomenon of identical bands and provide a detailed un
standing of their origin. We note, nonetheless, that the ag
ment with data even at the;0.5\ level is remarkable con-
sidering the complexity of the problem and that in at le
one case (194Pb-192Hg) calculation reproduces a known ide
tical band pair~although, as we have stressed, they do not
other cases, e.g.,193Hg-192Hg!. While there is evidence tha
pseudospin likely plays a role in those identical bands t
exhibit 1/2\ alignment, both in theA;150 region ~e.g.,
151Tb-152Dy and 151Dy-152Dy! and in the A5190 region
(191Au-192Hg), our results indicate that the occurrence of\
~or near 1\! alignment may be traced either to the alignme
of the odd quasiparticle itself or to the influence that th
quasiparticle has on the alignment of other nucleons du
the coupling through the pairing channel~i.e., core align-
ment!. However, there is not a clean separation between q
siparticle alignment and pairing effects—both occur—and
this interpretation is correct, i.e., the alignments have in g
eral a mixed origin, then the observed unit alignments wo
appear to be ‘‘accidental.’’

Finally, through the course of this paper we have
tempted to answer the following questions: what is the ca
of the low spin deviations inA;190 SD bands, why is the
resulting alignment;1\, and why are the moments of inerti
so similar for such a long frequency range? Much progr
was made in addressing these issues and valuable insigh
obtained into the role of pair blocking and quasipartic
alignments. However, present calculations remain unabl
reliably ~i.e., in all cases! reproduce identical bands and
remains to be conclusively shown that the phenomenon
identical bands can be explained with current theoret
techniques. This is clearly a challenge for nuclear struct
theory.
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