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Lack of additivity in mass-190 superdeformed bands
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We investigate the independent quasiparticle picture for superdeformed nuclei of the mass-190 region,
which is expected to lead to additivity in certain physical quantities. Obvious deviations from additivity are
found from both experimental data and projected shell model calculations. The cause of the deviation can be
decomposed and identified through this model. Our study suggests that the independent quasiparticle picture
may not be fully appropriate for this mass region.
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The simple independent quasipartit) picture leads to an odd-odd nucleus to the sum of the relative spins of cor-
additivity of single-particle motion and is often a useful ini- responding bands for the neighboring odd-neutron and odd-
tial model of nuclear structure. However, it has been knowrproton nuclei before the first band crossing. This permits a
for some time that additivity of quasiparticles often fails for direct test of whether measured alignment gains can be de-
normally deformed(ND) nuclei (see[1] and references scribed simply as a sum of the alignments of a few individual
therein. Since additivity implies that residual interactions orbitals in the absence of residual quasiparticle interactions,
among qp orbitals are negligible, a study of additivity and itsor whether the alignment gain is a more collective phenom-
violation can provide important information concerning the enon involving many interacting orbitals.
nature of residual interactions among quasiparticles in real- The choice of a reference band is crucial in extracting
istic nuclei. reliable alignments. For situations where only two bands

One might expect that additivity should hold better for (say, a ground band and an s-bamrde involved and they
superdeformedSD) bands because of larger and more stablgnteract weakly, the ground band can serve as reference that
deformation and weaker pairing. There has been substantiid easily constructetby fitting the lower-spin yrast states to
recent progress in experimental measurements for superdebtain the Harris parametef$1]). The relative spin for the
formed nuclei. For example, linking transitions between SDs-band is then ascertained by subtracting the reference band
and ND states have been identified for some nJ@g] that  from the s-band. Such cases correspond to a sharp backbend-
permit the first determination of absolute spin values foring in the spin versus rotational frequency plot. However, if
some SD bands, and more precise measurements of the refae interaction is strong between two bands, or many bands
tive quadrupole moments in superdeformed bands are bénterplay with each other, which leads to a strong effective
coming availabldg4,5]. This progress offers for the first time interaction, one typically obtains a smoothly rising spin-
the possibility to thoroughly examine the additivity issue infrequency curve and it is difficult to construct a reference
SD nuclei. It is crucial to understand to what extent the in-using the simple approach described above. A common
dependent particle picture works and, if a deviation fromrecipe in this case is to take the neighboring even-even
exact additivity rule is observed, what is the cause. nucleus as the referen¢the so-called core nucleudn the

A gquantitative check of additivity requires that an appro-mass-190 superdeformed nuclei that we examine here, the
priate indicator be chosen. Thaignment (more properly, smoothly rising moments of inertia imply that the choice of
relative angular momenturr relative spin[6,7]), i, defined  reference is not a simple one.
by the difference in spin of a band relative to a reference We begin our analysis of additivity by using a core
band at a given transition energy, is a useful quantity for thigiucleus as reference for a typical group of SD bands with
purpose because the spin is quantized and can now be prexcellent data in the mass-190 region. Figure 1 shows the
cisely determined from SD-ND linking transitions in favor- experimental relative spilil) for the neutronj,s, band in
able experimental circumstances. On the theoretical side, thE'Hg [12], (2) for the protoni 13, band(with two signature
projected shell modelPSM) has been shown to be remark- partnergin %I [13], and(3) for their sum. This sum is to
ably successful in predicting the spin values of SD bandd$e compared with the relative spin for the corresponding
where they have been measured inAhe130 and 190 mass vj5mi 13,2 bands in192T1 [14], which we do by choosing as
regions[8—10]. a reference the yrast SD-band &1%Hg [15] (top) and the

Thus, we are now in a position to compare spins for ayrast SD-band of'%Hg [16] (bottom). It is obvious from
multi-gp band to those obtained from a sum of the compo+ig. 1 that there are serious deviations from the additivity
nent gp bands and thereby examine the validity of the addirule in either case. The deviation from additivity is seen not
tivity hypothesis as a function of transition energy. In thisonly in the absolute value but more important, also seen in
paper we illustrate the simplest example of such an apthe curvature and in the amount of signature splitting. Al-
proach: a comparison of the relative spins for a given band othough the spin assignments for these bands are not yet con-
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FIG. 1. Experimental relative spin for thgs, band in 1%Hg FIG. 2. As for Fig. 1, except all values are from projected shell

[12] (dots, thei ;5,, band(with two signature partneysn 1°'TI[13] ~ model calculations.

(diamonds, and their sum(dotted and dashed lingslus the cor-

responding bands ifPTI [14] (triangles. The reference is the yrast The interaction strengths were set to values common for nu-

SD-band of***Hg [15] (top), and the yrast SD-band 8fHg [16]  clei in this mass regiofi9,10], and the deformation of the

(bottom). bases was fixed at,=0.45 for all nuclei calculated in this
paper.

firmed by measurements, they are based on very reasonableIn Fig. 2 we plot the same quantities as for Fig. 1, but

guesses. A shift of the spin assignment will move thesevith the results all taken from the PSM calculations. The

curves up or down, which would affect the agreement in thgheoretical curves reproduce the experimental trend shown in

absolute magnitude dfvalues, but the difference in curva- Fig. 1 very well; we note in particular that there is a similar

ture and in the amount of signature splitting would not bedeviation from the additivity rule in both the experimental

influenced by spin reassignment. and theoretical plots. As illustrated in Ref9,10], PSM cal-

Let us now examine the same quantities from a pure theculations can reproduce nicely the experimental spin-
oretical perspective. The projected shell model calculationgequency curves for SD bands of this mass region. Here, the
were done in the standard way describe9ii7]. The Nils-  agreement between Figs. 1 and 2 is less good because we are
son plus BCS mean field solution is taken as the basis, isomparing theelative spingwhich involves six bands from
which average particle number conservation is guaranteediour different nuclei. However, the essential point of these
The PSM many-body wave function is a superposition oftwo figures is that an obvious and similar deviation from
angular momentum projected multi-gp states, additivity exists in both the data and the calculations. We
find similar experimental and theoretical results for other
groups of SD bands in this mass region as well.

The breakdown of additivity illustrated in Figs. 1 and 2
indicates that there is substantial residual quasiparticle inter-
action in realistic mass-190 superdeformed nuclei. For pur-
poses of discussion, let {approximately separate the re-
where|¢,) denotes basis states consisting of the gp-vacuunsidual interactions responsible for deviations from the
two-quasi-neutron and -proton, and four-gp states for evenadditivity rule for the last few quasiparticles into two catego-
even nuclei; one-quasi-neutréproton plus three-gp states ries: (1) the residual interaction between the quasiparticles
for odd-neutron(-proton nuclei; and one-quasi-proton plus and the cordthe polarization effegt and(2) the additional
one-quasi-neutron states for odd-odd nuclei, respectively. Aesidual interaction among the last few quasiparticles. It is
quadrupole plus pairing Hamiltonian is used in the PSM withobvious that the ansatz of using a neighboring even-even
inclusion of both monopole and quadrupole pairjig], nucleus as the common core fails to minimize the polariza-

tion effect equally well for all nuclei compared because po-
larization is orbital-dependent. In addition, the residual inter-
ATA . PtH_ Bt B action among the last few quasiparticles remains even after
; QuQu=GuPP GQ% PuPu- 2 subtracting the common core. The additivity might in prin-
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FIG. 3. As for Fig. 2, except the cores are calculated for each FIG. 4. As for Fig. 3, but in the diagonalization tig,Q,, cou-
given band in oddA and odd-odd nuclei and the configuration pling has been reduced to 95% of the full strength for the odd-odd
space is limited to the lowest quasiparticle number—see furthenucleus.
explanation in the text.

. . L small deviations from additivity. Thus, there are still residual
ciple be restored if one could minimize these two types Ofieractions that influence odé-and odd-odd systems dif-
residual interactions. The PSM offers such a possibility, bei‘erently even though in the Hamiltonia8) the same inter-
cause the quantitative agreement between Figs. 1 and 2 SUGion s’trengths are used for all nuclei considered. Q@
gests that the PSM incorporates the same physics that p ' n

duces deviations from additivity in the data. r?érm in Eq.(2) is the'only expljcit proton-neutron intergction
Our goal is to examine the above understandings on thi! the mo‘_’e'[ﬂ]- Simple estimates b_ased on counting va-
cause of the deviation, but not to modify the model so tha{®"Ce particle$18] suggest that, then interaction between
the data can be better reproduced. Therefore, from now o€ last proton and last neutron is around a few pergeint
what we will deal with is all from theoretical calculations, ther counted from the spherical close shell or the SD “closed
simply because, in experimental data, all kinds of interacshell”) of the total in *°TI. This percentage should approxi-
tions, including residual ones, are embodied and there is n@ately be thepn interaction left after subtraction of its own
direct and exact way to separate them. First, let us try tgore for this odd-odd nucleus. Thus, we reduce the strength
minimize the residual interaction between the last few quaof the Q,Q, term by 5% for the odd-odd“TI only and
siparticles and the core by constructing “pure” one-gp andrepeat the calculation of Fig. 3, with the corresponding re-
two-gp states for an odd-and an odd-odd nucleus, respec- sults displayed in Fig. 4. Now the agreement in the absolute
tively, and limiting our configuration space in E@l) by  value, the curvature, and the amount of signature splitting is
allowing only those lowest numbers of quasiparticles foralmost perfect, indicating that additivity among these corre-
each kind of system. That is, we use one-gp for @dd- sponding theoretical bands has been restored almost exactly.
two-gp for odd-odd, and O-gp for the core. This procedureThese results may be viewed either as illustrating clearly the
eliminates the admixture of higher multi-gp states, thus efyikely theoretical reasons for the failure of additivity in the
fegtively redu<_:ing the polarizatio_n effect. Furthermore, Wemass-190 superdeformed nuclei, or as a suggestion for ways
shift the Fermi levels of the core in such a way that they liey, nroduce improved quasiparticles that are approximately
in the appropriate positions for the neighboring olidand  _y4itive.
odd-odd nuclei. Consequently, the new core contains the i oious that more SD-ND linking transition measure-

vacuum s;(jgte or(;lgx and drgfle((j:és thel qpv\;)ciupatlt(;]r)s of th?nents and theoretical calculations are crucial for further un-
corresponding o or odd-odd nuciel. YWe term Inis new derstanding of the additivity rule and the nature of the re-

core theown coreof an oddA or odd-odd nucleus. : . . .
. idual interactions for superdeformed nuclei. However, the
In Fig. 3, we present calculated results for the same bandg

studied in Fig. 2, but using this new procedure. Note that th resent results give considerable insight into the reason for
reference noW i,s neithet®™Hg nor 19%Hg: eacH oddA or ailed quasiparticle additivity in the mass-190 superdeformed

odd-odd nucleus has its own reference, and all curves an'a“de' and may suggest paths to the development of more

points come from PSM calculations. The agreement betweesPPhisticated quasiparticles that are additive. Although the

the summed curves of the odd-neutron and odd-proton bandi'ticular decomposition of the residual interaction that we
and those for the odd-odd nucleus is now much better. Fopave employed here is model dependent, we may expect that
the bands compared, this indicates that minimizing the pothe general conclusions that we have reached concerning ad-
larization effect and forcing the residual interactigtiee im-  ditivity in this mass region will hold independent of this
portant one is the pairing correlatijoto be similar in bands ~choice. Recently, an analysis of superdeformed bands in the
and their own cores leads to substantial improvement in quanass-150 region concluded that the additivity rule is fulfilled
siparticle additivity. Conversely, these results indicatewell in the nuclei examined19]. We intend now to check
clearly the reason that additivity fails for normal quasiparti-the additivity hypothesis for SD bands in tiie=150 and
cles in the mass-190 superdeformed nuclei. 130 regions as well using these same methods, with the re-
Close inspection of Fig. 3 reveals that there remain somsults to be reported elsewhere.
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In summary, a substantial deviation from additivity for interaction between the last proton and last neutron in odd-
superdeformed bands in mass-190 nuclei is documented, iedd nucleus is removed as well, additivity is almost totally
dicating the presence of strong residual interactions amonggstored.
the quasiparticles and a failure of the simple independent
guasiparticle picture. For the cases discussed, these residual

interactions may be approximately decomposed into the The Joint Institute for Heavy lon Research has as member
quasiparticle-core interaction and an additiopal interac- institutions the University of Tennessee, Vanderbilt Univer-

tion between the last proton and neutron in odd-odd nucleiSity. and the Oak Ridge National Laboratory; it is supported
Such an understanding is examined and proved by the PS the member institutions and by the U. S. Department of

calculation for the group of bands chosen. We provide theoE"€r8Y through Contract No. DE-AS05-76ER04936 with the
University of Tennessee. Theoretical nuclear physics re-

retical insight into the reason for this additivity failure by search at the University of Tennessee is supported by the
illustrating that once a proper core is constructed and suly) g Department of Energy through Contract No. DE-FGO5-
tracted from each odé- and odd-odd nucleus, “pure” 9gER40983. Oak Ridge National Laboratory, managed by
one-gp and two-gp states are obtained and additivity thenockheed Martin Energy Research Corp. for the U. S. De-
holds much better. Finally, results from a small rescaling ofpartment of Energy under Contract No. DE-ACO05-

the pn quadrupole interaction suggest that when the gxtra 960R22464.
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