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The projected shell model implements shell model configuration mixing in the projected deformed basis.
Our analysis on the recently observed superdeformed bariAin suggests that the neutron and proton
2-quasiparticle and the 4-quasiparticle bands cross the superdeformed ground band at the same angular mo-
mentum. This constitutes a picture of band disturbance in which the first and the second band crossing,
commonly seen at separate rotation frequencies in heavy nuclei, occur simultaneously. We also attempt to
understand the assumptions of two previous theoretical calculations which interpreted this band. Electromag-
netic properties of the band are predicted.
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The topic of superdeformation has been at the forefront omain advantages of mean-field theories because it can easily
nuclear structure physics since the observation of the firdpuild in the model the most important nuclear correlations. It
superdeformedSD) band in Dy [1]. Today, superdefor- furthermore solves the problem fully quantum mechanically
mation at high spin is not an isolated phenomenon, but inand provides a good approximation to the exact shell model
stead is observed across the nuclear periodic f&bl@and its ~ solution. In fact, besides systematic reproductions of energy
microscopic foundation has been firmly established. How-spectra and electromagnetic transitions in normally deformed
ever, with the recent observation of the SD band%r [3],  nuclei [6], it has been shown that the SD bands in e
it is astonishing that the quantum shell effects can stabilize-190[8], A~130[9], andA~60[10] mass regions can be
the system at superdeformation in a nucleus with such fevguccessfully described by the PSM.
particles(hereN=2=18). It is clear that the PSM lies conceptually between the two

These new data have a large impact on theories, as theypproaches of the CNS and SM[i8I. In this paper, we use
provide an ideal test case for nuclear structure models. Thine PSM to analyze the newAr SD data and show that it
36Ar SD data presented in Reff3] were discussed by two gives comparable results to the SM in the spectrum calcula-
theoretical calculations, the cranked Nilsson-Strutinskytion. The observed band disturbance in this SD b@jdan
(CNS) model[4] and the spherical shell mod@M) [5]. The  be understood in the PSM framework as simultaneous band
fact that these models can give a complementary descriptioerossings among the SD ground bargl {and, 2-qp, and
for the SD band in*®Ar indicates that they are both appro- 4-gp bands at the same angular momentum. These 2- and
priate approaches. Nevertheless, certain assumptions wedeqp bands are based on the quasiparticles of thg $ub-
made in both calculations. On the one hand, for a feasiblshell. Quantities such &(E2), g factor, and pairing gap are
SM calculation, the ds, orbital had to be excluded from the also studied, to understand the assumptions in the CNS and
shell model space. It is known that in the deformed single-SM calculations mentioned above.
particle picture for the present SD minimum, the orbital In the present PSM calculation, particles in three major
=32 of 1ds, lies very close to the Fermi levels, and it is shells (N=1,2,3) for both neutron and proton are activated
expected that this orbital has strong correlation with otheiso that the Fermi level lies roughly in the middle of the
orbitals and contributes to the collective motion. It is there-deformed single-particle states at deformatigr-0.42. The
fore not obvious that excludingdk, is a proper approxima- shell model space includes the 0-, 2-, and 4-gp states:
tion. On the other hand, no such exclusion is needed in the

CNS calculations. However, pairing correlations were coms- —110 toflo tallo talal atlo
pletely neglected in the CNS although there has been nl)d)h 10), a”ia”i| ) apkapl| ) a”ianjapkapl| >}i’
indication that pairing plays a minor role in this nucleus. @)

The projected shell modelPSM) [6] is a shell model
truncated in the Nilsson single-particle basis, with pairingwherea is the creation operator for a gp and the indg¢p)
correlation incorporated into the basis by a BCS calculatiordenotes neutrongprotons. The projected gp vacuurfO)
for the Nilsson states. More precisely, the truncation is firstorresponds to the SB band, whereas the projected 2- and
implemented in the multi-quasiparticigp) basis with re- 4-qp states correspond to 2- and 4-qp bands, respectively.
spect to the deformed BCS vacuuf) [see Eq(1) below];  The 2- and 4-gp states are selected so that the low-lying
then the violation of rotational symmetry is removed by an-states for each kind of configuration should be included. If
gular momentum projectiofi7] to form a shell model basis all multi-gp states were considered in Ed), one would
in the laboratory frame; finally a shell model Hamiltonian is obtain the full shell model space generated by particles of the
diagonalized in this projected space. Thus, the PSM has thtaree major shells.
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As in the usual PSM calculations, we employ the Hamil- 20 ‘ . 7 ]
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whereH,, is the spherical single-particle Hamiltonian which =
contains a proper spin-orbit force, whose strendiles, the g 8|
Nilsson parameterg and u) are taken from Ref{4]. The S

second term in the Hamiltonian is tl@-Q interaction and
the last two terms are the monopole and quadrupole pairing a4l
interactions, respectively. The interaction strengths are deter-
mined as follows: th&-Q interaction strengtly is adjusted

by the self-consistent relation such that the input quadrupole 0 5 4 P 12 16
deformatione, and the one resulting from the HFB proce- Spin |

dure coincide with each othd6]. The monopole pairing

strengthG), is taken to beGy=[19.6—15.7(N—2)/A]/A FIG. 1. Band diagrantbands before configuration mixingnd

for neutrons ané,, = 19.6/A for protons. This choice db, the yrast bandthe lowest band after configuration mixing, denoted
seems to be appropriate for the single-particle space eny dot$ for the superdeformed nucled$Ar. Only the important
ployed in the present calculation in which the major shellgowest-lying bands in each configuration are shown.

N=1,2,3 are included. Finally, the quadrupole pairing

strengthGq, is assumed to be proportional @, , the pro- bands, one curve represents two ba@agutroq band and a
portionality constant being fixed to 0.20 in the present work Proton band because they nearly coincide with each other

The eigenvalue equation of the PSM for a given spin OF the entire spin region. _ _
takes the forn{6] Among the 2-gp bands which start at energies of 5-6

MeV, one of them(dotted curve consists of two 1,,, qua-
siparticles withK =3 and$ coupled to totaK=1. It shows
> {H., —E'N,_IF. =0 (3)  aunique behavior as a function of spin. As spin increases, it
! goes down first but turns up at spir4. This behavior has
its origin in the spin alignment of a decoupled band as inten-

The expectation value of the Hamiltonian with respect to a_; . . T
“rotational band x” HIKK/NIKK defines a band energy, and sively discussed in Ref6]. Because of this, it can cross the

. . ; g band at about=10. On the other hand, there is another
when plotted as functions of spinwe call it a band diagram kind of 2-gp bandlong-dashed curve, based on the coupling

[6]. A band diagram displays bands of various configuration?f K=3 1 :
. . A =3 of 1dg;p, andK =3 of 2s,),) that shows a very dif-
before they are mixed by the diagonalization procedure o erent behavior: it goes up nearly parallel to theand, and

Eq. (3). Irregularity in a spectrum may appear if.a band iShas a very similar form as ttggband. This coupled band can
crossed by another orler other OUeFat certain spin. ever enter into the yrast region, thus playing a negligible
For the present problem, the eigenvalue equation is solve le for the yrast band structure

for different spins up td =16. This is the highest spin state W : : I
: ; . . e have examined the other multi-gp states consisting of
of the SD band if the maximum spin contributed from the,, 1de,, particles, such as the 2-qp state couplitig 2 and

single particles is simply countd@]. In the context of pro- 5 to K=1. They lie in an even higher energy region, and

cht|on, sp|nﬂ(lj|str|but|on in- each E)?S'S :state of Eﬂ) .'S have similar rotational behavior as tgeband. As far as the
given by(e|Pk k |#). [11], wherePy  is the projection yrast energies are concerned, contributions of ttg,lor-
operator{ 7]. We have computed this quantity for each basisbital to the spectrum calculations can therefore be renormal-
state and found that they approach zero for spind6. In  ized. Influence of the ds, orbital on the absolute values of
other words, one cannot find spin larger than 16 in the meaguadrupole moment can also be considered through the ef-
field states in the present problem. This is band terminatiofective charges. This may have clarified the question of why
in the language of angular momentum projection. the SM reproduced the data remarkably well even though it
Close to the neutron and proton Fermi levels®8r at  excluded the s, orbital in the calculatiori3].
deformatione,=0.42, there are four single-particle orbitals:  The two decoupledK=1) 2-qp bands can be combined
K=3 of 1ds, andK=3 of 2s,, in the N=3 shell, andK  to a (K=2) 4-gp band which represents simultaneously bro-
=3 and3 of 1f,;, in the N=4 shell. Thus, bands based on ken neutron and proton pairs. In Fig. 1, this 4-qp bésalid
these orbitals are important for determining the high-spincurve also exhibits a decoupling behavior, and therefore, the
properties of the low-lying states. In Fig. 1, the band diagrand-gp band can dive into the yrast region as well. It is inter-
is shown. Different configurations are distinguished by dif-esting to see that bands from the three different configura-
ferent types of lines, and the filled circles represent the yragions (0-, 2-, and 4-gpcross at the same place near spin
states obtained after the configuration mixing. There are=10. This is in contrast to the common band-crossing pic-
about 20 bands in the calculation, but only representativeure leading to back bendings in moment of ineffia In the
ones are displayed for discussion. Note that for the 2-gusual picture, one distinguishes two kinds of band crossings:
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the first crossing between tlggband and the 2-gp bands, and below what one expects from decouplég, pairs. Experi-
the second crossing between the 2-gp and the 4-gp bandsent on the neighboring odd-mass nuclei may help us to
They cause the first and the second back bending in momennderstand this issue.
of inertia, typically seen in the rare earth nuclei at spin Figures 2b) and 2c) present the calculateB(E2) and
~12 and~ 24, respectively6]. The band-crossing picture in g-factor values for theé®Ar SD band. We found that the band
N=Z nuclei in which a 4-gp band crosses directly with the crossing does not cause sudden changes around the crossing
band was suggested earlier by Shedttal. [12] and further  spin in either quantity. In th&(E2) calculations, the effec-
elaborated in Ref13]. tive charges are 0Oefor neutrons and 1é5 for protons,
Thus, we can interpret the band disturbanc€%r as a  which are the same as those used in previous work and in
consequence of the simultaneous breaking of thg, heu-  other shell model$14]. We emphasize that employment of
tron and proton pairs. After the band crossing, the main comdifferent effective charges can modify the absolBtE?2)
ponent of the yrast band is from the 4-gp band. We observealues, but the essential spin dependence is determined by
that all the(0-, 2-, and 4-gpbands shown in Fig. 1 behave the wave functions. In Fig.(), the B(E2) values begin to
similarly at higher spins: above spin=10, all bands dis- decrease after spin=8, and a smooth decrease is seen for
played are approximately parallel, indicating that they rotatenigher spin states. At the band termination sp#fl6, an

with the same frequency. approximate 40% drop iB(E2) (compared to the maxi-
In Fig. 2a), the PSM energy levels are compared withmum value atl=8) is predicted. Our results thus suggest
data, and with the SM calculatiori8] in the E(I)—E(l that a considerable collectivity remains even at the band ter-

—2) plot. We observe that the PSM can reasonably repromination. In theg-factor calculations, we use fay; the free
duce the data and the results are comparable with those @&lues and folg, the free values damped by the usual 0.75
the SM. Following the SD band, one sees that the discontifactor. The results are presented in Figc)2We observe a
nuity around spinl =10, which corresponds to the band smooth increase in thg factor from 0.4 at the bandhead to
crossing discussed earlier, has been reproduced. Neverth@tA=0.5 atl =8, and this rotor value remains thereafter.
less, in contrast to near-perfect agreement at the low spinghe nearly constarg factor at higher spins indicates a can-
the PSM calculation has small deviations from the data at theellation between the proton and the neutron contribution. To
band-crossing region, and for the higher spin states. For theee this clearly, we plot two additional curves in Figc)2
N~Z nuclei, there has been an open question of whether th&here the neutron and proton contributions are separated.
proton-neutron pair correlation plays a role in the structureThis is done by eliminating the protdneutron gp states in
discussions. It has been shown that with the renormalizeéq. (1) in the calculation for neutrofproton contribution. It
pairing interactions of the like-nucleons in an effectiveis now seen that the proton alignment increasegtfector,
Hamiltonian, one can account for the=1 part of the leading to a peak at=8, whereas the neutron alignment
proton-neutron pairingl3]. However, whether the renormal- decreases it, causing a valley at the same spin. The average
ization is sufficient for the complex region that exhibits the of the two curves gives the total factor that shows a flat
phenomenon of band crossings, in particular when both neuehavior as a function of spin. This reinforces our previous
tron and proton pair alignments occur at the same time, is anonclusion about the simultaneous breaking of thg,heu-
interesting question to be investigated. We note also that thigon and proton pairs and their combined alignment. To test
amount of angular momentum gained by the alignment ighese predictions, lifetime measurements for the states in the
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36Ar SD band are required, and we hope that recently develabout spinl =10. Therefore, the 2-gp configurations do not
oped techniqueBl5] can permit theg-factor measurement. have a chance to play a major role in the structure of the SD
We finally show the calculated pairing gaps in Figd2  yrast band because immediately after the band crossing, the
in which expectation values of the pair operator are calcu4-qp band dominates the band structure. Analysis of the ro-
lated by using the PSM wave functions. It is found that fortational behavior for various bands in the band diagram and
this lightest SD nucleus, both neutron and proton pairingcalculation of the pairing gaps could help us understand the
gaps are larger than 1 MeV dt=0, which is a non- assumptions in the CNS and the SM calculations that were
negligible value that is of comparable size to pairing gaps ireviously used to interpret the data. Electromagnetic prop-
a heavy, deformed system. However, the pairing gaps fakrties in this SD band have been studied with predictions
quickly as the nucleus rotates. Aftex8, the falling contin-  made for theB(E2) andg-factor values.
ues, and saturates eventually at 0.3—0.4 MeV. This suggests Note added in proofAfter this Rapid Communication
that in order to describe the low-spin spectrum properly,,as accepted for publication, the authors learfi8 that

pairing and its dynamic evolution are important. For the highy,o g £2) values predicted in the present work have recently
spin states, the remaining weak pairing correlation may play,een ' measured, and the results are to be published
a role in sustaining collectivity. ' '
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