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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 tidat 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 valuegi~ —1,0,1, relative to the reference chosen for this stubyt 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 featurefofald0 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[S0556-281®9)03909-4

PACS numbgs): 21.10.Re, 21.60.Ev, 21.60.Jz, 27 80

I. INTRODUCTION bands which lead to moments of inertia that are more similar
than one may have first thoughi) The Fermi level lies at
It has been almost a decade since a superdefof@Bl  or near to the SD shell gaps At=80 and 82, andN=112;
band in*>*Tb was found 1,2] to have the same gamma-ray these gaps occur at the same deformation, which makes the
transition_energiegwithin 1-2 ke\) as a superdeformed shell correction term favor SD bands with similar deforma-
band in'*?Dy. Shortly after this initial discovery the first tions. (2) There are several higk-orbitals near the Fermi
identical bands were observé¢d,4] in the A~190 region, surface; these orbitals are involved in many SD band con-
and since then many examples have been reported in botfyyrations and, because they are relatively insensitive to the
superdeformed and normal deformed nudkse the recent  coyiolis interaction, their quasiparticle contribution is
review article[S]). The physics behind this phenomenon hasgm i, (3) The presence of pair correlations results in a
stimulated much discussion, but its origin remains an 0peRgmearing” of the occupation probabilities across different

quegtion; for exa”?p'e' does the occurrence of identical banq,ﬁ h intruder levels, leading to more bands possessing simi-
require new physics, or, as others have suggested, do they 5 e content and hence simifa?)'s. This last point
arise due to a series of “accidental cancellations” that lea : o X

ould be contrasted with the situation in #he 150 region

to bands possessing the same moments of inertia and in so . AN i
P g where the differenicharacteristic alignment properties of

cases the sam@lentica) transition energies. . X
In the A~ 190 region pair correlations play an important the valence intruder orbitals have a large effect onffé

role in determining the properties of SD bands and thereford0ment of inertia. A study of the'® moments of inertia for

may be expected to influence the occurrence of identicaft =130, 150, and 190 SD bands, as well as a comparison

bands. Indeed, the increase in the dynamic moments of ineWith those of normal deformed bands, is given in Ré,

tia (3?) as a function of increasing rotational frequency Where the role of intruder orbitals and the effects of pairing

observed in almost all SD bands in this region is due to thé@re discussed. More recently, a systematic study of identical

occurrence of two strongly interactimmired band crossings bands was presented in Rg9).

involving the successive alignment of neutr@n and proton In addition to identical moments of inertia, bands that also

() high{ intruder orbital{6,7]. The observed® moments ~ POSSess identical transition energies must have “quantized”

of inertia depend on the interaction strength associated witRlignments simply because the level spins themselves are

the band crossing and their magnitudes are clearly sensiti@uantized. The alignmerit) is the difference in spin, with

to the pairing strength. Since pair correlations are affectediespect to a chosen reference band, at a fixed rotational fre-

(reduced by the presence of unpaire{ddd) partides near duency. The SUrprise in the mass-190 region was that gamma

the Fermi level, it is not obvious why th&? moment of

inertia of A~190 SD bands in neighboring even-mass and

odd-mass nuclei should be so similar, let alone why some of Ywhen comparing bands in even mass nuclei or bands in odd mass

these nuclei may also display identical transition energiesuclei, quantized refers t=0,1,2, . .. /, etc. Comparing a band

over many(~10) transitions. in an even mass nucleus with one in an odd-mass nucleus requires
There are, nevertheless, several propertied©fl90 SD  1/2 integer alignment to give transitions of the same energy.
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rays with the same transition energies did not always appear 50
to originate from levels with the same spin; i.e., the align- 2|
ment was not zero, as one may have expected. It was pro-

posed[3,4] that the SD band$®Hg(2,3), ***Hg(2,3), and =30}
1944g(2,3) had alignmerit~1, relative to'®Hg(1). (Num- <
bers in parentheses following the nucleus refer to a particular &

SD band). The fact that ~ 17, and not zero, was suggested 10 |
as evidence for pseudospin alignment, a phenomenon where
the (pseudgintrinsic spinss of the nuc~leons decouple from
the (pseudgorbital angular momenturh and under the ac-

tion of the Coriolis force align with the rotation axis to give < 1t

the extra one unit of spiri,=2s=1. However, because the £ 0

level spins had not been measured, an extrapol&siim-fit) E

procedure[10,11] was used to determine the spins of the %’ -

superdeformed states, and consequently the occurrence of 27 e

unit alignment was controversial. The observation of SD -3 T

bands in'®*Au [12], which have 1/2 alignment with respect 00 01 02 03 04 05
Rotational Frequency (MeV)

to 1%Hg, has been suggested as evidence for the odd qua-

SiEVOton occupying one level of the pseudospin doublet, FIG. 1. (a) The level spins of SD bands in the~ 190 region
=s=1/2. Moreover, the identical SD bands observed inpiotted as a function of rotational frequendyd«=E./2). The level
152Dy and *®Tb [1,2] were cited as evidence for the validity spins were obtained using a spin-fit proceddog Alignment of the
of the pseudospin coupling scheme because the resultifgands in(a) obtained by subtracting a reference derived from a
pseudo Nilsson asymptotic quantum numbers, rather than thibird-order polynomial fit to all the data pointsi(E,)=a+bE,
usual Nilsson asymptotic quantum numbers, gave the ob*CE;+dE>, wherea=0.95, b=0.04498,c=3.761x10°, and
served value of the decoupling parameters 1. The rela- d=7.227<10"°. The solid lines(i), (ii), (iii), and(iv) correspond
tionship between the decoupling parameter and the psetQ the following SD bands: *Hg(1), **Hg(2), ***TI(1), and
dospin coupling scheme is discussed in R&8]. 19TI(1), respectively.

Recently, gamma-ray decays from superdeformed to low-
lying normal deformed states have been observed in
19449(1,3) [14,19 and **4Pb(1) [16,17], enabling the level near unit alignments. These calculations indicate that both
spins in these SD nuclei to be unambiguously determined. ¥alence quasiparticles and the “core” contribute to these
was shown that®Hg band 3 has odd integer spins in agree-alignments and hence they do not have a unique source.
ment with the spin-fit procedure, thus confirming the unit
alignment proposed by Stephesisal.[3,4]. However, while
unit alignment is confirmed, these data on the decay of the
excited SD band'®Hg(3), both to the normal deformed
states and the yragground state SD band*®*Hg(1), sug-
gest that'®*Hg(3) has negative parity unlike its identical ~ The results from a “global” study ofA~190SD band
band partner!®Hg, which most likely has positive parity. alignments and moments of inertia are presented in this sec-
An observed parity difference between identical bands wouldion. We show that the relative spirfalignment$ are not
rule out pseudospin alignment as the mechanism responsibfegandomly” distributed, but they tend to lie within one of
for generating the observed unit alignment, since pseudospithree groups characterized by their alignment and depending
partners have the same parity. on their quasiparticle structure. It is further shown that these

This paper presents the results of an experimental andlignments are of the order ef1% and result from low-spin
theoretical study of the inertias and alignments of superdeeffects.
formed bands ilA~ 190 nuclei to determine to what extent A plot of spin (I) versus rotational frequency? (v
the experimental propertids.g., unit alignmentcan be de- =E,/2) for 57 A~190 SD bands is shown in Fig(a illus-
scribed by present calculations. In Secs. Il and Il we presenrating the similarity ofA~190 SD bands to each other. The
the results from studies of experimental data and calculatiordata(transition energigswere taken from the table of super-
respectively, and show that SD bands arod190 can be deformed nuclear bands and fission isonjé@&. On closer
grouped into three families according to whether the band#spection, however, there are differences between the bands
have (i) a zero-quasiparticle structuréi) at least one neu- that can be seen more cleaflifig. 1(b)] after a reference
tron or one proton quasiparticle, d¢iii) both neutron and curve(band has been subtracted. Figuréllrepresents the
proton quasiparticles. We find that theory reproduces the oalignment,Al =1 ,nq | 1of (Obtained at the same frequency
currence of three groups of SD bands, but does not givevherel,,.q4is the spin of a known band argy is the spin of
identical band pairs to the same degree as seen in expethe reference band. This reference was defined to be the “av-
ment. In Sec. IV the results of detailed microscopic calculaerage” band obtained by fitting a third-order polynomial to
tions are used to suggest an understanding of the observedl the data points, and the alignment for each band was

Il. STUDY OF EXPERIMENTAL ALIGNMENTS
AND INERTIAS
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FIG. 2. The projection of the data points in FigbLonto the
spin axis. Since a reference has been subtrgeedescribed in the
caption to Fig. 1, this plot gives the alignmerispin difference at a 100
fixed rotational frequengyrelative to the reference “band(de-
fined in the text The left-hand plot contains data over the entire
frequency rang€hw~0.1-0.4 MeV, the center plot is restricted to
the frequency rangéw=0.1-0.15 MeV, and the right-hand plot %k
has data restricted thw=0.15-0.3 MeV. The restricted frequency '
ranges were chosen to correspond to be eithejust below the
point or (b) in the range where the separation in sfafignmen} is FIG. 3. The dynamic moments of inertial?, as a function of
most pronounced in Fig.(i). The labels refer to the majority-band- the rotational frequency for selectéd~190 SD bands. Each plot
type contributing to each of the three distributions, i(..even-  contains four(or three SD bands consisting of an even-even zero-
even zero-quasiparticlSD ground statebands(ii) singly blocked  quasiparticle “core,” neighboring singly blocked bands, and a dou-
bands with either an unpaired proton or neutron,(i@) doubly  ply blocked band. Singly blocked refers to the occupation of an
blocked bands corresponding to the occupation of both an unpaireghpaired proton or neutron orbité& one-quasiparticle statand
proton and neutron orbitdh two-quasiparticle state doubly blocked refers to the occupation of both an unpaired proton

and neutron orbitala two-quasiparticle stateNote that in all cases

the blocked configuration does not involve a hjgheutron intruder
calculated at the rotational frequency corresponding to thésee text for details .Th.e inertiqs deviate at th.e lowest frequencies
observed gamma-ray transition. Recall that the spins fo nd then become similar at higher frequencies. The neutron num-

- ers at the top refer to the even-evenre) nucleus in that column.
most SD bands have not b_een measured _and a spin-fit Profe following bands were used®Hg(1), *Hg(2), %Hg(1),
cedure was used to determine the level spins.

o 1994g(2), ¥%Hg(1), °21I(3), °°TI(1), 4TI(L), °TI(1),

Between7w=0.15 and 0.3 MeV the data pointse.,  192pp(1) 199pp(5), 1%pp(1), 19Ph(3), and'%Pb(1). Nunbers in
band$ separate into three groups, suggesting the occurrenggrentheses refer to the particular band.
of three “families” of SD bands offset in spin with respect
to each other. These three groups are seen more clearly by
projecting theAl —E, plot [Fig. 1(b)] onto the spin axis, as for neighboring SD bands at low rotational frequeﬁd?@ch
shown in Fig. 2. The projection was carried out over the fullplot in Fig. 3 contains an even-even yrast SD bdtite
rotational frequency range Spanned by the SD baﬁdS, “Core”) together with SD bands from neighboring nuclei
=0.1-0.4 MeV, and over the restricted randies=0.1—0.15 with either an odd neutron or proton, or_both an od_d neutron
MeV and #©=0.15-0.30 MeV. The restricted frequency and an odg(zp))rotonlzge.g., the Ic1>\9/ver middle lglot in Fig. 3
ranges were chosen to correspond to be eithgust below ShOV‘{S the3® for gHg11A1), 5o HYuA2), g1 Thid1),
the point or(b) in the range where the separation in spin@nd g Tl;;{1). The band ***Hg(2) was used rather that
(alignmeny is most pronounced in Fig.(l). Since the plots g(1) since the latter interacf20] with (crossesanother
in Fig. 2 are projections, each band contributes several align-
ment values. The three “peaks,” which correspond to the
three groups, are separated Byi%, but the peaks are not  2gyperdeformed bands with an unpaired intruder orbital are not
narrow (not “delta functions’); instead they are broad rela- included in Fig. 3 because the occupation of a sirgiepaired
tive to the~17% separation. Most bands haive 0 relative t0  intruder orbital “blocks” the paired band crossing leading to a
our reference. “flat” 3?2 moment of inertig19] and hence these bands have very

Another way to view the separation of the SD bands intodifferent alignments with respect to those bands with an even num-
the three groups is to compare the moment of ineftiZ, ber of intruder orbitals occupied.

02 03 01 02 03 0. 02 03
Rotational Frequency (MeV)
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SD band,*®Hg(4), thereby introducing large irregularities (separatepeaks in the alignment pldfig. 2).
that obscure the phenomenon we wish to study. We will refer From these observations a number of questions come to
to these plots a§® sets. The three families, evident in the mind. Why do the bands deviate at low frequency? Why is
a”gned Spin p|01(|:|g 2), are C|ear|y seen for eac‘ﬁz) set. 3(2) so similar at hlgher frequenCieS? Why is the alignment
Without exception, at low frequency, the yrast even-everr-14? Probably the simplest qualitative explanation for the
bands have the lowest?, the neighboring even-odd/odd- l0w-spin deviations is that they arise due to the effects of
even singly odd7 or ») bands have a larger?, and the “pair blocking.” Pair correlations “suppress” the genera-
doubly odd band$z and ») have the largest‘® values. As tion of angular momentum and lead to a smaller moment of
the rotational frequency increases, thé) curves become inertia than the unpaired value. In this picture, the even-even
similar, and betweeftw~0.25 and 0.35 MeV they are very fully paired state has the lowest?). Adding a neutron or
similar irrespective of whether the band is even-even, evenProton into a state near the Fermi surface removes that state
odd/odd-even, or odd-odd. from the correlation, thus reducing the magnitude of the pair-
The low-spin deviations if(® (and the corresponding iNg strength and resulting in an increased moment of inertia.
alignments are also found to be largely independent(of ~ Similarly, blocking both a neutron and a proton orbital has a
the number ofike quasiparticles outside the even-even coregreater effect and the moment of inertia is larger still. This is
nucleus(e.g., the one-quasineutron bands!¥Hg have the Precisely the feature observed in experiment and thus, at
sameJ®? as the two-quasineutron bandsifHg), and(ii)  east qualitatively, the pair-blocking scenario is in agreement
whether the odd particle is a proton or a neutfeng., With the data. The differences in the moments of inertia due
1934g(2) has the sama® as%TI(1) at low frequencies 1O pair blocking result in a change in alignment of many
The “average-band” reference used in this study has théucleons; it is the difference in the “core” alignment, not
alignment properties of a “singly odd” band, but is also the that of the odd quasiparticle itself, which generates the extra
same as that of the two-quasineutron SD band$®fhig  spin(of course it is the presence of the odd quasiparticle that
(bands 2 and 3 thus further emphasizing the point that the causes the core to be different in the first place
alignments do not depend on whether one or two In Ref. [21] the effect on the pairing strength due to
quasineutrons are involved, as long as the intruder state locked quasiparticle levels was investigatedAirr 190 SD
not blocked. bands. It was shown that after one neutron or proton orbital
The separation between tG€ curves in Fig. 3 suggests is blocked the already reduced static pair gap is practically
a simple correlation between the group to which each banduenched, leaving only the so-called dynamical pairing.
belongs and the number of quasiparticlesipaired nucle- Therefore the addition of further neutrofotons does not
ons associated with that band. We find that~-190SD  greatly alter the strength of the pair correlations. The effect
bands are grouped according to whether they cortdino  of reduced pair correlations on the moments of inertia, due to
unpaired particles(i.e., a zero-quasiparticle ground-state piocking, was investigated further in RgR22] where im-
band in an even-even nucleusi) either unpaired neutrons p6ved quantitative agreement with experiment was achieved

or protons(e.g., a one-quasiparticle band in an even-odd,, jncluding both seniority and quadrupole pairing interac-
odd-even nucleys or (iii) both unpaired neutronand pro- tions.

e e s W palf bocking provids  plsiualiaid
ofunpa{ired qua)s(iparticles iither neutron or proton, is zero Orlanation for the observed differences in the moments of
T ' ’ inertia (i.e., why the bands deviate at low spihe observed
nonzero. This simple approach correctly placed0% of the . LT
SD bands used in Fig. 1 as even-even, even—odd/odd—even,.%Inlgnment$ COUI.d have t.helr orgin in & ngmper of effects,
odd-odd. Excluding bands that are believed to have an odH®" A,I =gyt Al pairing Olgert ..., Wheredig, is the con-
number of occupied neutron intruder orbitals results in ovef/ioution to the alignment from the valence partisk
90% of the SD bands being correctly identified. The solid? paiing 1S due to the “quenching” of pairing, andi g is the
lines in Fig. 1b), labeled(i), (i), (iii), and(iv), correspond to ~ &ffect due to changes in deformatiofthe decomposition
the SD bands%Hg(1), 1%Hg(2), 19°TI(1), and 194TI(1),  into various contributions is somewhat arbitrary, and it is
which are examples of even-even, even-odd, odd-even, ari@cognized that the terms given above are not necessarily
odd-odd bands, respectively. independen}.In previous works the alignment between SD
The occurrence of three groups of bari@sgs. 1b), 2, bands has been mainly discussed in terms of the contribution
and 3 requires two things to happen. First, at low spilesv ~ from &ig,. The pseudospin alignment explanati@4| for
rotational frequencyiw), 3® deviates, resulting in a non- unit alignment in identical bands and the study of the align-
zero alignment between SD bands in different groups. Seanents in Tl isotopes relative t§°Hg [23] are both examples
ond, at some rotational frequengwhich turns out to be where the valence quasiparticles are considered to provide
w~0.25 MeV in the experimental datathe 3*) values the dominant contribution. Whether the origin of ti€”
must become similar and remain so for many transitions. Th@ifferences inA~190 SD bands at low rotational frequency
frequency at which thg‘® moments of inertia become simi- is pair blocking and/or quasiparticle alignment, it is clear that
lar defines the alignment for those bands=Ql they need to become sufficiently small at higher frequencies
= [#A3P)dw)—it is important to note that if the moments so that bands in neighboring nuclei exhibit very similar mo-
of inertia continued to deviate one would not observe distincinents of inertia over many transitions.
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Ill. CALCULATED PROPERTIES invariance. The total Routhian is calculated using the Strutin-
sky shell-correction methof39,40 on a mesh in deforma-

the total alignmenti.e., quasiparticle and/or core-pairing ef- tion space mvolvmg quadrupoks, and_ y) and hgxadecg—
fects we performed a study of calculatéd~190 SD bands po_le(,84) de.for-matlons. The macroscopic energy_ |_s described
comparable to that carried out for experimental data. SectioHSINg the liquid-drop model of Ref41]. The pairingp-p
Il A contains a brief description of the calculations, and channel is treated fully self-consistently; i.e., the LN equa-
Section Ill B contains the results from a systematic study ofions are solved rigorously at each deformation point and at
the calculated bands and a comparison with experiment. €ach rotational frequency. For further details on the model
we refer the reader to Reff25, 24, 43. It is important to
stress that the parameters of both the WS potential and the
) o strengths of the pairing force were adjusted to reproduce glo-
There are already a number of published applications ofa| properties across the nuclear chart and for a wide range
the Strutinsky methof24,25 as well as fully self-consistent of deformations, and no additional readjustments have been
Hartree-Fock-BogoliuboyHFB) calculations involving both  gone to improve the agreement of TRS calculations with the
Skyrme[26,27] and Gogny{ 28,29 interactions. In all these present data oA~ 190 SD bands.

works the inclusion of higher order pairing effects and the' The TRS calculations have been performed fr
restoration of good particle number was found to be neces= 103_116 isotones 0fAU, gHY, g:Tl, and g,Pb. For
sary to assure proper treatment/ot- 190 SD bands. In fact, eyen-even nuclei only the vacuum configuration was calcu-
techniques such as the double-stretched quadrupole pairifgied and for each odgdd-odd nucleus 4(16) one- (two-)
interaction[25], the surface-active density-dependent deltayasiparticle configurations were calculated. However, only
interaction [30], and the Lipkin-Nogami(LN) number- 3 |imited number of the total TRS calculated bands were
projection technique$31-33 were first applied in large- yseq for this study. The quasiparticles occupied the lowest
scale calculations i~ 190 SD nucle{24-28. Afterwards,  states of a given signature and pafity,e) at zero rotational
following numerous successful applications in other massgrequency.
regions, they became standard methods for high-spin phys- The method used to perform Skyrme-HFB calculations
ICS. o . . has been presented in RE27]. The nucleon-nucleon effec-
Most publications addressing the physics of SD bandsjye interaction in the particle-hole channel is the Skyrme
deal with band-to-band comparisons between theoretical angy;ce within the SLy4 parametrizatiof#3]. In the pairing
experimental data. In what follows we will compare te&-  channel we use a zero-range force with a surface-peaked
tive properties of SD bandglignments, inertias, ejcob-  gensity dependence as described in R27], with the pa-
tained from experiment with the same relative quantitiesametrization adapted to the SLy4 Skyrme force and derived
from calculation. Tr_\e aim of this work i¢i) to perfprm in a study of SD in the mas&= 150 region[44]. As for the
large-scale calculations and make global comparisons ofrs calculations, the mean-field method has been corrected
various calculated and measured properties for many SBy means of the LN prescription to take into account the
bands andii) to look into the physical mechanisms respon-finite number of nucleons. This combination of mean-field
sible for the occurrence of certain systematic effects such a%-h and p-p (pairing forces has been shown to lead to a
for example., the alignments that lead to the three groups qfnod description 08 values for SD bands. The quasipar-
SD bands discussed above. Two types of cranked mean-fiefghe excited bands were treated fully self-consistently as in
calculations were performed: total Routhian surf4€&S Refs. [45,46. The HFB calculations, being significantly

Strutinsky-type  calculations and  fully self-consistent yqre time consuming than TRS calculations, were limited to
Skyrme-Hartree-Fock-BogoliuboMSkyrme-HFB calcula-  feo\yer configurations.

tions. Not all the possible configurations assigned to experi-
mental SD bands were available from calculatieapecially

for HFB calculations, which are more time consuming than
TRS calculationsand thus only a limited data set was used The calculated TRS and HFB 3 values are given in

to compare experiment and calculation. The configuration&ig. 4. The same SD bandsonfigurationgas shown in Fig.
were chosen to be consistent with the experimental bands i were used, and the calculatad curves were subdivided
Fig. 3 and are generally the most energetically favorable fointo 32 sets comprising four or three SD bands. The yrast
each parity and signature. even-even bands have the low&&?, the neighboring one

The TRS calculations involve a deformed Woods-Saxorguasiparticle even-odd/odd-even bands have lafgers,

(WS) potential[36] in the particle-hole(p-h) channel, and and the two quasiparticle odd-odd bands have the lafg@st
seniority and double-stretched quadrupole pairing interacvalues, in agreement with experiment although for both TRS
tions in the particle-particlepi-p) channel. The LN approxi- and HFB calculations the spreaddf?) is larger than experi-
mate number-projection techniq(idl—35,24,26is used to ment. The larger dispersion i5®) means there will be a
prevent the collapse of pairing at higher rotational frequen<correspondingly larger alignment. An additional problem
cies. The strength of the seniority pairing force is calculatedarises for'®Hg calculated from TRS; tha(® is too large at
using the average gap meth{@7] and the strength of the 7%w~0.3 MeV. This, as discussed in RER5|, is because the
quadrupole pairing interaction is calculated at zero frequencyeutron-paired band crossing occurs too soon in the TRS
using the method of Ref38], which restores local Galilean calculation forN=110. We also note that in TRS calcula-

In order to gain insight into the relative contributions to

A. Theoretical models

B. Dynamical moments of inertia and alignments
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184 o 1% in Figs. 3 and 4, and allows a direct comparison between experi-
*pp o '¥ ment and calculation to be made. In all cases the distributiaf?in

193,

Ry

195.

n
t
» o a e

was determined over three frequency ranges: corresponding to the
full range iw~0.1-0.4 MeV (left column, Aw=0.1-0.15 MeV
(center colump andzw=0.15-0.3 MeV/(right column.

-
(=1
S

tions the configuration of the minimum energy solution may
change adiabatically, and as a consequence, interpolation on
the lattice(mesh may result in significant fluctuations in the
calculatedy(?), especially at higher frequencies in the vicin-
ity of the paired band crossings. The HFB calculafétl
curves show less fluctuation compared with the TRS curves,
and at higher rotational frequencies there is the tendency for
1 them to converge towards two curves rather than the single
curve seen in experiment. In HFB calculations it is the bands
which differ by an odd proton rather than those differing by
an odd neutron that have identicsf)’s at higher frequen-
cies. For example!®Tl and °Hg have the samé&® for
h®=0.25 MeV, as do**Tl and **Hg.

The distribution ofA3® is shown in Fig. 5 for the ex-
0 , , perimental data and the TRS and HFB calculations. The per-

0.1 0.2 013 0.1 012 of3 0.1 of2 0.3 foti s a(2) ~(2) ;
centage variation iry AT was obtained from
Rotational Frequency (MeV) 9 ( )

0
=1

J® Moment of Inertia (R*/MeV)

100

o 3%(w) =9 ()
FIG. 4. Same as Fig. 3, but for calculatéd-190 SD bands. AJ =1OO><W.
The results fron{a) TRS and(b) HFB calculations are shown. The ref
following band configurations were used®Hg(V), *Hg(A), _
192Hg(V), 9%Hg(A), ¥Hg(V), PTI(pAnA), 19°TI(A), The reference band is once more taken to beatlerageof

194T1(pBNA), 9°TI(A), 19%Pb(V), 9%Ph(A), 9Pb(V), 1°PbA), either the experimental, TRS, or HFB calculated SD bands
and*®%Ph(V), whereV is the vacuum configuratiopandnreferto  and the difference\3(?) was obtained at several frequency
either quasiproton or quasineutron, aAdand B are the lowest intervals Ahw~20 keV. The top row in Fig. 5 gives the
+ parity, +, — signatures, respectively. These configurations cor-distribution of AJ(?) for the 57 experimental SD bands con-
respond to those assigned to the experimental bands in Fig. 3.  sidered in this study. The middle and bottom rows give the
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0.1-0.4 MeV oL Hg Loy eeseu) P
30 T T 30 T — 30 T T T
HFB Expt TRS T %ﬁm £ T ]
0.3 oF - 1 %
-0.8 L -0.9 N T

20 04 20 L 20 - 0.3 - “Hg T ;}M "**Pp .

Alignment (h)

v
c
2 »
o 1.4 1.3 D ‘ L
10 [ o 2t “'Hg - 7 + “Pob 1
1.6/ | ol | | S
j -1
= e e e
0 ) [ ‘ 0 . .‘ 0 "( |-T| 0.0 0.1 0.2 0.3 0.0. 0.1 0.2 03 00 0.1 0.2 0.3
321012 321012 32101 2 Rotational Frequency (MeV)

Alanmont ) FIG. 7. Experimenta(solid squargsand calculated alignments

FIG. 6. Alignment of the 14\~ 190 SD bands shown in Figs. 3 for @ range ofA~190 SD bands relative to that of the yré%ng
(experiment and 4(HFB and TRS calculationsFor each sefex- 5D band. TRS and HFB data points are given by open diamonds
periment, HFB, TRSthe bands were compared with an averagea”d open circles, respectively. Experlmental alignments are_r_elatlve
reference band derived from the 14 bands within each set. Separd@ " -Hg band 1 and calculated alignments use the approp(eéte
histograms are shown for even-even ground-state, odd-even/evefler TRS or HFB calgulatedlgzlﬁg vacuum band. The following
odd “singly” blocked, and odd-odd two quasiparticle SD bands. In Pands(and colnflguratlor)swere fsed;lngg band 21(nA); ¥Hg
each plot the central peathick line) corresponds to the odd-even/ Pand 2 (11'3), *Hg band 1 g)' %71 band 11(8A)' %41 band 1
even-odd “singly” blocked bands; the peaks to the left and right(pB?gA)' °TI band 1 pA), 4'_°b band 1), SPb_ band 3 GA),
are the even-even zero quasiparticle and odd-odd two quasiparticfd Pb band 1), whereV is the vacuum configuratiom and
bands, respectively. The average alignment for each of the barfdefer to either quasiproton or quasineutron, #endB are the
types is given above each peak. In experiment the even-even banlfvest + parity, +, — signatures, respectively.
produce two peaks at1.6 and 0.5.

19471(1) (odd-odd bands A similar separation of the three
distribution for the 14 experimental and calculated SD bandgroups(band typesis observed in all three data sééxperi-
shown in Figs. 3 and 4, and since the same 14 b&oaolss ment, HFB, TR$. The numerical value of the average align-
figurationg are considered, these plots allow direct compari-ment for the three groug®and typesis shown in the figure.
son between experiment and calculation. In all cases the disince more even-even SD bands were used, compared with
tribution in 3® was determined over three frequency rangesodd-odd bands, the reference used does not give an align-
(i) the full rangeiw=0.1-0.4 MeV (left column), (i) Zw  ment for the odd-even/even-odd bands that is centeréd at
=0.1-0.15 MeV(center columh and (iii) A#w=0.15-0.3 ~0#A. However, the separation between the different band
MeV (right column. As expected, from th&® curves in  types is stillAi~1%. Note that in experiment the even-even
Figs. 3 and 4, the distributions are wider at low frequenciedands are split; the “peak” @t~ —1.6%4 is due to the yrast
and they become narrower aboke=0.3 MeV. The distri-  SD bands in***Hg and*°®Pb. These bands have the smallest
butions for the TRS and HFB calculations are similawer 3 values at low frequencies.
row of plotg and both are slightly broader than experiment A quantitative comparison of experimental and calculated
(middle row. alignments for individual band pairs was also carried out,

Having shown, in Fig. 4, that the three groups of SDenabling the alignments to be studied as a function of rota-
bands are evident in the calculatg® curves, we now con- tional frequency on a case-by-case basis. These are plotted in
sider their alignments. Figure 6 gives the alignment of HFBFig. 7 as a function of rotational frequency relative to
calculated bands together with the corresponding experimert®Hg(1). Theyrast SD band if®Hg has typically been the
tal bands. The plot was generated using the same method esference of choice when comparing specific SD bands, and
Fig. 2. Each set of SD bandsxperiment, HFB, TRBwas we have used this reference in Fig. 7 to allow easier com-
compared with its owriinterna) average reference band de- parison with previous studies. In general, both TRS and HFB
rived from a third-order polynomial fit to the 14 bands within calculations are able to reproduce the experimental align-
each set. In each plot the central peghick line) corre-  ments to within~0.5:. While this accuracy is often suffi-
sponds to the odd-even/even-odd bands and the peaks to tbient when assigning specific configurations to a band it is
left and right are derived from even-even and odd-odd bandsiot sufficient to resolve the question of identical bands that
respectively. The peaks contain the following band tyfies: typically have alignments withir-0.1% of an integer value
Left peak: %Hg(1), ®Hg(1), ®Hg(1), %Pb(1), for many transitions. For example, Fig. 7 indicates that cal-
199pp(1), %Pb(1) (even-even bands (ii) central peak: culation gives an identical band pair in at least one case
BlHg(2), Hg(2), 1°°TI(1), P°5TI(1), %°Pb(5), °Pb(3)  (**Pb%Hg) but not for every case; th&*Hg signature
(odd-even/even-odd bandsand (iii) Right peak:*°TI(3),  partner bandgbands 2 and Bbased on the high-[624]9/2
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orbital are known to be very good examples of identical (514192 = —=-
bands when referenced #?Hg(1), yetboth the TRS and o~ 151 (530130 =omo—-
HFB calculation yield too much alignment. On the other %

hand, the'®TI-1%Hg pair provides an example where HFB <

calculation gives a better identical band pair than experi-
ment. Other cases show reasonable agreement with data,
least for the HFB calculation, but for these nuclei the experi-'g 057
mental alignment does not have an integer value over manj8
transitions and hence they would not be considered “good”.
identical bands. g

To summarize this section, we have shown that our cal-<

culations show good agreement with general experimenta 15
pr_operties, but the calcula’gions do not reproduce the spe_cifi(’;
alignment of SD band pairs; nor, in general, do they g|veé’/
“good” identical bands.

[4111172

10+ [642]5/2

Energy (M

asipro

0.0T TAB

10+ [624]9/277 s

? [512]572
IV. MICROSCOPIC ORIGIN OF THE LOW-SPIN | NS
ALIGNMENTS WITHIN THE MEAN-FIELD g \\\
THEORY £ el

n thi , . . £ oo vEFi

n this section we address the more specific questonreg — Ty _
garding the microscopic origin of the low-spin alignment; & T T
namely, isAl mostly due to a quenching of the bulk pairing 05 , , i — ,
propertieqa core effedt or is it due to valence quasiparticle 0.0 01 02 03 04
alignment? A basic difficulty in determining the relative Ao (MeV)

roles of the “core” and valence quasiparticle alignments, FIG. 8. Neut d orot narticle RouthiansZer80
within 2 mean-field theory, is that the mean field lacks the " "> (1'92|_|e)u;?n ino Afgo on guoaesgirdf:eo Aos” ”']art";icglr\ms'_
notion of a core and additional problems arise due to nuclea’#on uantun? nunféers. Iat;,gr the' |0\,NeSt stat.es anpthe arity and
self-consistency, which strongly couples the pairing an L nzgture are given byma): solid line—(+ +1/2), dotted “‘;Lty
shape degrees of freedom. Consequently, the conclusiora ~1/2), dot-dashed "né('_ +1/2), and df;shedilin:e(— ~112)
given below, regarding the numerical values of the decom- ' ' ’ ' ' '
position into quasiparticle dl ;) and core 6l align-
ments, depend upon the following definitions.

In HFB theory the one-quasiparticle density matrix can be

and

written as(see, for example/47]) ANI==2> PV Vark—UpkU% ). (5)
ap
pih= = [VEKVpk—UakUf . W

Using the above and defining the spin of the even-even

Indices a,3 refer to the single-particle basis, capital letters “Core” nucleus asl{°*®we obtain
(e.g.,K) refer to quasiparticle states, andV are the usual

occupation probabilities, anaf\} and p!?); are density ma- Al=l(0) = 13(0)=[(1{(0) ~ 15" w) ]+ 81 { ()
trices. Since the form of the density matpgf , = 5l sore Sl gp, (6)
PES)BZE VE Vg, (2)  i.e., adecomposition of the relative alignmeXit into core
L and quasiparticle contributions, respectively.

Table I gives the total alignmentl and the contribution
is analogous to the density matrix in an even-even nucleus, #fom quasiparticlegl ap» @nd “core,” 8l e, alignments cal-
can naturally serve as a definition of the density dbeal  cylated(using the HFB procedure described abofa the
corein an oddA nucleus. Exploring further this analogy we specified quasiparticle orbitals with respect'¥Hg. To in-
can use Eq(1) and write the total spin in an oddinucleus,  yestigate only pairing properties we performed pairing self-
119 (K denotes a blocked quasipartigl@s the sum of the consistent LN calculations with fixed shape parameters for

corel&o) and quasiparticlesl ) contributions: the Woods-Saxon potential ¢,=0.48,3,=0.06, andy=0
for all nuclei listed in the table. This deformation corre-
1V=Tr(j ") =1+ 8109, (3)  sponds to that of thé®*Hg core predicted by a TRS calcu-
lation at low rotational frequency. The decomposition, Egs.
where (3)—(6), is valid for HFB calculations, but not for calcula-
tions using the LN method since this gives a prescription to
(O —Tr(i (0= P, By % recalculate observables only and not individUaandV co-
LE=TrOx ™) ; ;3 KVpVar @ efficients. Therefore, for LN calculations we provided only
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TABLE I. Calculated values oAl (in units of#) for the lowest SD bands i§i°Tl1,, 30-Hgy11, andga Hg, 13 relative to that of thé®Hg
SD vacuum at two frequenciggy=0.08 (i.e., near zerpand#»=0.28 MeV (close to where the experimental? moments of inertia, in
general, converge Calculated quasiparticlell 4,, and core,dl .o, contributions to the alignment! are compared with self-consistent
Lipkin-Nogami, Al y, and TRS calculationslgs, and experimental data| ;. For experiment, the alignment &t»=0.08 MeV was
derived by extrapolation. Calculations were performed for the lowest quasiparticle states with a given parity and dignatulide
quasiparticles are labeled by Nilsson quantum numfpersA ]Q (dominant componeptnd by the parity and signature quantum numbers
(ma)=(+,+)(+,—)(—,—)(—,+) further abbreviated to A, B, E, and F, respectively.

Orbital (ma)  ho[MeV] 8l gp Sl core Al Al Altrs  Algg
z=81 [642]5/2 A 0.08 0.92 -0.20 0.72 0.65 0.62 0.74
0.28 2.10 -0.44 1.66 1.53 1.50 1.43
[642]5/2 B 0.08 099  -018 0.81 0.75 0.71 0.71
0.28 1.82 -0.38 1.44 1.34 1.36 1.18
[51419/2 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 -0.22 0.19 -0.03  -003 —0.06
0.28 -0.19 0.72 0.53 0.46 0.55
N=111 [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 0.08 276 —0.30 2.46 2.38 2.49 2.95
0.28 2.66 ~0.05 2.61 2.55 2.85 2.69
[761]3/2 F 0.08 1.89  -0.27 1.62 1.54 1.38 1.55
0.28 0.68 -0.33 0.35 0.21 0.38 0.21
N=113 [6429/2 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
[64219/2 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]5/20[512]5/2 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]5/22[512]5/2 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

#The)=3/2 and 5/2 components of tiNe= 7 intruder orbital[ 761]3/2,[752]5/2), which originate from the spheric@s,, orbital, are highly
mixed.

the total alignmentAl . The “schematic” results(i.e.,
Jl qp ol core and Al) are further Compared with full TRS n{642]5/2 Afs14192 vis42)32 761132 vie2a92  VIs2B/ls12lsr
calculations,Al{gs, which include shape dynamics as a 5 Quasiparticle
function of 4w and shape changes from nucleus to nucleus. **|| | & core

. . . . . B Total {q.p. + core)
Finally, the experimental alignmeatl ., is also given. The 2] | W Experiment
alignments presented in Table | were calculated at frequen
ciesfiw=0.08 MeV and 0.28 MeV.

In almost all cases shown in TablAl ~Al y=Altgs,
indicating relatively small corrections due to either LN
renormalization of the occupation probabilities and/or details
in the shape dynamics. The most important ingredients in
creatingAl are therefore pairingcore and the quasiparticle
alignments carried by a given orbital. 05

The relative importance 08l ., and 6l 4, contributions
varies from orbital to orbital. The relevant orbitatpuiasipar- 1
ticle Routhiang are shown in Fig. 8. The diagram is appro- g, 9. Plot of the calculated alignments, &b=0.28 MeV
priate for **Hg at B,=0.465, ,=0.048, andy=0. This  given in Table I, due to the occupation of a single quasiproton or
figure also illustrates therAB and vEF quasiparticle band  quasineutron level outside tH&Hg core.A andB refer to the two
crossings that give rise to the smoothly increasif. signatures for each level. The total calculated alignment, the contri-

The different alignment contributions resulting from the bution from the valence quasiparticle, and the core are shown to-
occupation of highk (extrudej or low-K intruder orbitals gether with the observed experimental alignments.

n

Alignment

o5
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are also illustrated in Fig. 9values are foriw=0.28 MeV  to the occupation of the intrudg842]5/2 proton orbitale.g.,
taken from Table )l and can be intuitively understood by °3T| bands 1 and Rcomes mainly from the quasiparticle
considering the relative importance of the Coriolis force onitself, with a smaller contribution from the core.
these orbitals. Blocking an “extruder” Nilsson state, such as Let us now consider our results within the context of iden-
v [624]9/2 or 7 [514]9/2, causes changes ikl predomi- tical bands. In general, the calculations presented in this pa-
nantly through rearrangements in the core. The same is trupger reproduce the experimental alignments to an accuracy of
at least at higher spins, for the[642]3/2 state. On the other ~0.5:. To describe the observed identical bands, however,
hand, for bands with the [642]5/2 state occupied the effect the alignment has to be withir-0.12 of an integer value
is mainly due to quasiparticle alignment. Note that this or-(over a wide frequency rangand thus, at this time, it is not
bital originates from the sphericil, intruder state. In fact, possible for mean-field calculations to reliably reproduce the
similar quasiparticlelike dominance is seen for other intrudephenomenon of identical bands and provide a detailed under-
states, e.g.y [761]3/2 andv [752]5/2®[512]. standing of their origin. We note, nonetheless, that the agree-
In general, we find that the alignments arising from smallment with data even at the 0.5: level is remarkable con-
deviations in the moments of inertia at low frequencies havesidering the complexity of the problem and that in at least
both a core(pairing and quasiparticle component. There is, one case ?Pb+°Hg) calculation reproduces a known iden-
nonetheless, a tendency for the relative importance of thedécal band pairalthough, as we have stressed, they do not for
two contributions to vary and to depend on the detailedother cases, e.g*®*Hg-1Hg). While there is evidence that
structure, e.g., whether the odd nucleon occupies a high- grseudospin likely plays a role in those identical bands that

low-K orbital. exhibit 1/2¢ alignment, both in theA~150 region (e.g.,
BITh 15Dy and Dy-%Dy) and in the A=190 region
V. SUMMARY AND CONCLUDING REMARKS (*1Au-19%Hg), our results indicate that the occurrence #f 1

(or near %) alignment may be traced either to the alignment

_ The global alignment and the moment of inertia studiesyt the odd quasiparticle itself or to the influence that this
indicate the tendency foA~190SD bands to distribute g asiparticle has on the alignment of other nucleons due to
themselves among the following three groups characterizeg,o coupling through the pairing chann@le., core align-

by their alignments and the number of unpaired nucle@ns: meny. However, there is not a clean separation between qua-
zero-quasiparticle bandsi) “singly blocked” bands with  gjparticle alignment and pairing effects—both occur—and if
either one(or morg quasiprotofs) or quasineutrofs), or  njs interpretation is correct, i.e., the alignments have in gen-

(iii ) “doubly blocked” bands with both proton and neutron g 3 mixed origin, then the observed unit alignments would
quasiparticle states. The alignments cluster around 'nteQ%{ppear to be “accidental.”

values(i=~—1,0,1, relative to the reference chosen for this Finally, through the course of this paper we have at-
study), but the distribution is not strongly peaked: rather it istempted to answer the following questions: what is the cause
relatively “broad” compared with the separation, suggestinggs the |ow spin deviations ifA\~190 SD bands, why is the
that the “strict” quantized alignments observed in Some NU-regyiting alignment-1%, and why are the moments of inertia
clei are not a systematic feature of @190 SD bands. sq similar for such a long frequency range? Much progress
Both HFB and TRYStrutinsky methojicalculations repro- \yas made in addressing these issues and valuable insight was
duce thes_e global properties and give this same distributiogptained into the role of pair blocking and quasiparticle
of bands into three groups. , alignments. However, present calculations remain unable to
For most SD bands in th&~190 region the observed (gjiaply (i.e., in all casesreproduce identical bands and it
low-spin alignments are smalk-1%, and several mecha- remains to be conclusively shown that the phenomenon of
nisms may be expected to contribute to the effect. Indeedgentical bands can be explained with current theoretical

the microscopic HFB calculations presented in this papefechniques. This is clearly a challenge for nuclear structure
indicate that within this mean-field theory these alignmentspgqry.

do not have a unique source. Both core and quasiparticle
effects, as well as other elements such as shape changes
and/or dynamical correlations, though to a lesser extent, in-
fluence the final value of the calculated alignments. There is,
nonetheless, a tendency for the relative importance of the This research was supported in part by the U.S. Depart-
core and quasiparticle contributions to depend on the natumment of Energy under Contract Nos. DE-AC03-76SF00098
of the occupied quasiparticle orbital. One the one hand, théLawrence Berkeley National Laboratgry DE-FGO02-
high-K neutrons arounéN=112 do not contribute a signifi- 96ER40963 (University of Tennessg¢e DE-FGO05-
cant quasiparticle alignment and the observed alignment87ER40361(Joint Institute for Heavy lon Reseanchand
mainly arise due to a pair-blocking effect. Thus the expectaDE-AC05-960R22464 with Lockheed Martin Energy Re-
tion that the presence of an odd particle should affect pairingearch Corp(Oak Ridge National Laboratoyyby the Polish

at low frequenciegsping, which in turn influences the gen- Committee for Scientific ResearciKBN) under Contract
eration of angular momentum, is justified by calculation. OnNo. 2 P03B 040 14 and NATA under Grant No.
the other hand, the near unit alignment relativé%tig due ~ CFG970196.
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