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Superdeformed band in 36Ar described by the projected shell model
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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 band in36Ar 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 forefron
nuclear structure physics since the observation of the
superdeformed~SD! band in 152Dy @1#. Today, superdefor-
mation at high spin is not an isolated phenomenon, but
stead is observed across the nuclear periodic table@2#, and its
microscopic foundation has been firmly established. Ho
ever, with the recent observation of the SD band in36Ar @3#,
it is astonishing that the quantum shell effects can stabi
the system at superdeformation in a nucleus with such
particles~hereN5Z518).

These new data have a large impact on theories, as
provide an ideal test case for nuclear structure models.
36Ar SD data presented in Ref.@3# were discussed by two
theoretical calculations, the cranked Nilsson-Strutins
~CNS! model@4# and the spherical shell model~SM! @5#. The
fact that these models can give a complementary descrip
for the SD band in36Ar indicates that they are both appro
priate approaches. Nevertheless, certain assumptions
made in both calculations. On the one hand, for a feas
SM calculation, the 1d5/2 orbital had to be excluded from th
shell model space. It is known that in the deformed sing
particle picture for the present SD minimum, the orbitalK
5 5

2 of 1d5/2 lies very close to the Fermi levels, and it
expected that this orbital has strong correlation with ot
orbitals and contributes to the collective motion. It is the
fore not obvious that excluding 1d5/2 is a proper approxima
tion. On the other hand, no such exclusion is needed in
CNS calculations. However, pairing correlations were co
pletely neglected in the CNS although there has been
indication that pairing plays a minor role in this nucleus.

The projected shell model~PSM! @6# is a shell model
truncated in the Nilsson single-particle basis, with pairi
correlation incorporated into the basis by a BCS calculat
for the Nilsson states. More precisely, the truncation is fi
implemented in the multi-quasiparticle~qp! basis with re-
spect to the deformed BCS vacuumu0& @see Eq.~1! below#;
then the violation of rotational symmetry is removed by a
gular momentum projection@7# to form a shell model basis
in the laboratory frame; finally a shell model Hamiltonian
diagonalized in this projected space. Thus, the PSM has
0556-2813/2001/63~2!/021305~4!/$15.00 63 0213
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main advantages of mean-field theories because it can e
build in the model the most important nuclear correlations
furthermore solves the problem fully quantum mechanica
and provides a good approximation to the exact shell mo
solution. In fact, besides systematic reproductions of ene
spectra and electromagnetic transitions in normally deform
nuclei @6#, it has been shown that the SD bands in theA
;190 @8#, A;130 @9#, andA;60 @10# mass regions can b
successfully described by the PSM.

It is clear that the PSM lies conceptually between the t
approaches of the CNS and SM in@3#. In this paper, we use
the PSM to analyze the new36Ar SD data and show that i
gives comparable results to the SM in the spectrum calc
tion. The observed band disturbance in this SD band@3# can
be understood in the PSM framework as simultaneous b
crossings among the SD ground band (g band!, 2-qp, and
4-qp bands at the same angular momentum. These 2-
4-qp bands are based on the quasiparticles of the 1f 7/2 sub-
shell. Quantities such asB(E2), g factor, and pairing gap are
also studied, to understand the assumptions in the CNS
SM calculations mentioned above.

In the present PSM calculation, particles in three ma
shells (N51,2,3) for both neutron and proton are activat
so that the Fermi level lies roughly in the middle of th
deformed single-particle states at deformation«250.42. The
shell model space includes the 0-, 2-, and 4-qp states:

uf&k5$u0&, ani

† anj

† u0&, apk

† apl

† u0&, ani

† anj

† apk

† apl

† u0&%,
~1!

wherea† is the creation operator for a qp and the indexn(p)
denotes neutrons~protons!. The projected qp vacuumu0&
corresponds to the SDg band, whereas the projected 2- an
4-qp states correspond to 2- and 4-qp bands, respectiv
The 2- and 4-qp states are selected so that the low-ly
states for each kind of configuration should be included
all multi-qp states were considered in Eq.~1!, one would
obtain the full shell model space generated by particles of
three major shells.
©2001 The American Physical Society05-1
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As in the usual PSM calculations, we employ the Ham
tonian @6#

Ĥ5Ĥ02
1

2
x(

m
Q̂m

† Q̂m2GMP̂†P̂2GQ(
m

P̂m
† P̂m , ~2!

whereĤ0 is the spherical single-particle Hamiltonian whic
contains a proper spin-orbit force, whose strengths~i.e., the
Nilsson parametersk and m) are taken from Ref.@4#. The
second term in the Hamiltonian is theQ-Q interaction and
the last two terms are the monopole and quadrupole pai
interactions, respectively. The interaction strengths are de
mined as follows: theQ-Q interaction strengthx is adjusted
by the self-consistent relation such that the input quadrup
deformation«2 and the one resulting from the HFB proc
dure coincide with each other@6#. The monopole pairing
strengthGM is taken to beGM5@19.6215.7(N2Z)/A#/A
for neutrons andGM519.6/A for protons. This choice ofGM
seems to be appropriate for the single-particle space
ployed in the present calculation in which the major she
N51,2,3 are included. Finally, the quadrupole pairi
strengthGQ is assumed to be proportional toGM , the pro-
portionality constant being fixed to 0.20 in the present wo

The eigenvalue equation of the PSM for a given spiI
takes the form@6#

(
k8

$Hkk8
I

2EINkk8
I %Fk8

I
50. ~3!

The expectation value of the Hamiltonian with respect to
‘‘rotational bandk ’’ Hkk

I /Nkk
I defines a band energy, an

when plotted as functions of spinI, we call it a band diagram
@6#. A band diagram displays bands of various configuratio
before they are mixed by the diagonalization procedure
Eq. ~3!. Irregularity in a spectrum may appear if a band
crossed by another one~or other ones! at certain spin.

For the present problem, the eigenvalue equation is so
for different spins up toI 516. This is the highest spin stat
of the SD band if the maximum spin contributed from t
single particles is simply counted@3#. In the context of pro-
jection, spin distribution in each basis state of Eq.~1! is
given byk^fuP̂KkKk

I uf&k @11#, whereP̂KkKk

I is the projection

operator@7#. We have computed this quantity for each ba
state and found that they approach zero for spinsI .16. In
other words, one cannot find spin larger than 16 in the m
field states in the present problem. This is band termina
in the language of angular momentum projection.

Close to the neutron and proton Fermi levels of36Ar at
deformation«250.42, there are four single-particle orbital
K5 5

2 of 1d5/2 and K5 1
2 of 2s1/2 in the N53 shell, andK

5 1
2 and 3

2 of 1f 7/2 in the N54 shell. Thus, bands based o
these orbitals are important for determining the high-s
properties of the low-lying states. In Fig. 1, the band diagr
is shown. Different configurations are distinguished by d
ferent types of lines, and the filled circles represent the y
states obtained after the configuration mixing. There
about 20 bands in the calculation, but only representa
ones are displayed for discussion. Note that for the 2
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bands, one curve represents two bands~a neutron band and a
proton band! because they nearly coincide with each oth
for the entire spin region.

Among the 2-qp bands which start at energies of 5
MeV, one of them~dotted curve! consists of two 1f 7/2 qua-
siparticles withK5 1

2 and 3
2 coupled to totalK51. It shows

a unique behavior as a function of spin. As spin increase
goes down first but turns up at spinI 54. This behavior has
its origin in the spin alignment of a decoupled band as int
sively discussed in Ref.@6#. Because of this, it can cross th
g band at aboutI 510. On the other hand, there is anoth
kind of 2-qp band~long-dashed curve, based on the coupli
of K5 5

2 of 1d5/2 andK5 1
2 of 2s1/2) that shows a very dif-

ferent behavior: it goes up nearly parallel to theg band, and
has a very similar form as theg band. This coupled band ca
never enter into the yrast region, thus playing a negligi
role for the yrast band structure.

We have examined the other multi-qp states consisting
the 1d5/2 particles, such as the 2-qp state couplingK5 3

2 and
5
2 to K51. They lie in an even higher energy region, a
have similar rotational behavior as theg band. As far as the
yrast energies are concerned, contributions of the 1d5/2 or-
bital to the spectrum calculations can therefore be renorm
ized. Influence of the 1d5/2 orbital on the absolute values o
quadrupole moment can also be considered through the
fective charges. This may have clarified the question of w
the SM reproduced the data remarkably well even thoug
excluded the 1d5/2 orbital in the calculation@3#.

The two decoupled (K51) 2-qp bands can be combine
to a (K52) 4-qp band which represents simultaneously b
ken neutron and proton pairs. In Fig. 1, this 4-qp band~solid
curve! also exhibits a decoupling behavior, and therefore,
4-qp band can dive into the yrast region as well. It is int
esting to see that bands from the three different configu
tions ~0-, 2-, and 4-qp! cross at the same place near spinI
510. This is in contrast to the common band-crossing p
ture leading to back bendings in moment of inertia@7#. In the
usual picture, one distinguishes two kinds of band crossin

FIG. 1. Band diagram~bands before configuration mixing! and
the yrast band~the lowest band after configuration mixing, denot
by dots! for the superdeformed nucleus36Ar. Only the important
lowest-lying bands in each configuration are shown.
5-2
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FIG. 2. ~a! Transition energiesE(I )2E(I
22) along the superdeformed yrast band in36Ar
~the experimental data and the SM results a
taken from Ref.@3#!; ~b! calculatedB(E2) val-
ues; ~c! calculatedg factors; and~d! calculated
pairing gaps.
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the first crossing between theg band and the 2-qp bands, an
the second crossing between the 2-qp and the 4-qp ba
They cause the first and the second back bending in mom
of inertia, typically seen in the rare earth nuclei at spinI
;12 and;24, respectively@6#. The band-crossing picture i
N5Z nuclei in which a 4-qp band crosses directly with theg
band was suggested earlier by Sheikhet al. @12# and further
elaborated in Ref.@13#.

Thus, we can interpret the band disturbance in36Ar as a
consequence of the simultaneous breaking of the 1f 7/2 neu-
tron and proton pairs. After the band crossing, the main co
ponent of the yrast band is from the 4-qp band. We obse
that all the~0-, 2-, and 4-qp! bands shown in Fig. 1 behav
similarly at higher spins: above spinI 510, all bands dis-
played are approximately parallel, indicating that they rot
with the same frequency.

In Fig. 2~a!, the PSM energy levels are compared w
data, and with the SM calculations@3# in the E(I )2E(I
22) plot. We observe that the PSM can reasonably rep
duce the data and the results are comparable with thos
the SM. Following the SD band, one sees that the disco
nuity around spinI 510, which corresponds to the ban
crossing discussed earlier, has been reproduced. Neve
less, in contrast to near-perfect agreement at the low sp
the PSM calculation has small deviations from the data at
band-crossing region, and for the higher spin states. For
N;Z nuclei, there has been an open question of whether
proton-neutron pair correlation plays a role in the struct
discussions. It has been shown that with the renormali
pairing interactions of the like-nucleons in an effecti
Hamiltonian, one can account for theT51 part of the
proton-neutron pairing@13#. However, whether the renorma
ization is sufficient for the complex region that exhibits t
phenomenon of band crossings, in particular when both n
tron and proton pair alignments occur at the same time, is
interesting question to be investigated. We note also that
amount of angular momentum gained by the alignmen
02130
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below what one expects from decoupledf 7/2 pairs. Experi-
ment on the neighboring odd-mass nuclei may help us
understand this issue.

Figures 2~b! and 2~c! present the calculatedB(E2) and
g-factor values for the36Ar SD band. We found that the ban
crossing does not cause sudden changes around the cro
spin in either quantity. In theB(E2) calculations, the effec-
tive charges are 0.5e for neutrons and 1.5e for protons,
which are the same as those used in previous work an
other shell models@14#. We emphasize that employment o
different effective charges can modify the absoluteB(E2)
values, but the essential spin dependence is determine
the wave functions. In Fig. 2~b!, the B(E2) values begin to
decrease after spinI 58, and a smooth decrease is seen
higher spin states. At the band termination spinI 516, an
approximate 40% drop inB(E2) ~compared to the maxi-
mum value atI 58) is predicted. Our results thus sugge
that a considerable collectivity remains even at the band
mination. In theg-factor calculations, we use forgl the free
values and forgs the free values damped by the usual 0.
factor. The results are presented in Fig. 2~c!. We observe a
smooth increase in theg factor from 0.4 at the bandhead t
Z/A50.5 at I 58, and this rotor value remains thereafte
The nearly constantg factor at higher spins indicates a ca
cellation between the proton and the neutron contribution.
see this clearly, we plot two additional curves in Fig. 2~c!
where the neutron and proton contributions are separa
This is done by eliminating the proton~neutron! qp states in
Eq. ~1! in the calculation for neutron~proton! contribution. It
is now seen that the proton alignment increases theg factor,
leading to a peak atI 58, whereas the neutron alignme
decreases it, causing a valley at the same spin. The ave
of the two curves gives the totalg factor that shows a fla
behavior as a function of spin. This reinforces our previo
conclusion about the simultaneous breaking of the 1f 7/2 neu-
tron and proton pairs and their combined alignment. To t
these predictions, lifetime measurements for the states in
5-3
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36Ar SD band are required, and we hope that recently de
oped techniques@15# can permit theg-factor measurement.

We finally show the calculated pairing gaps in Fig. 2~d!,
in which expectation values of the pair operator are cal
lated by using the PSM wave functions. It is found that
this lightest SD nucleus, both neutron and proton pair
gaps are larger than 1 MeV atI 50, which is a non-
negligible value that is of comparable size to pairing gaps
a heavy, deformed system. However, the pairing gaps
quickly as the nucleus rotates. AfterI 58, the falling contin-
ues, and saturates eventually at 0.3–0.4 MeV. This sugg
that in order to describe the low-spin spectrum prope
pairing and its dynamic evolution are important. For the h
spin states, the remaining weak pairing correlation may p
a role in sustaining collectivity.

In summary, the new experimental data of the SD band
36Ar, the lightest SD nucleus reported so far, has been
scribed by the PSM. The calculated energy levels agr
well with the data, as well as with the SM results. We m
thus conclude that the PSM is an efficient shell model tr
cation scheme for the well-deformed light nuclei also,
which the quadrupole collectivity and pairing correlatio
dominate the properties. Similar conclusions have b
drawn in the study of48Cr @14#. It has been found that in th
present case, the 0-, 2-, and 4-qp bands cross each oth
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about spinI 510. Therefore, the 2-qp configurations do n
have a chance to play a major role in the structure of the
yrast band because immediately after the band crossing
4-qp band dominates the band structure. Analysis of the
tational behavior for various bands in the band diagram
calculation of the pairing gaps could help us understand
assumptions in the CNS and the SM calculations that w
previously used to interpret the data. Electromagnetic pr
erties in this SD band have been studied with predictio
made for theB(E2) andg-factor values.

Note added in proof. After this Rapid Communication
was accepted for publication, the authors learned@16# that
theB(E2) values predicted in the present work have recen
been measured, and the results are to be published.

Communication with Dr. C. Baktash is acknowledge
The authors sincerely thank Dr. D.J. Hartley for carefu
reading the manuscript. Y.S. thanks the Department of Ph
ics of Tsinghua University for warm hospitality and suppo
This work was also supported by the Major State Basic R
search Developed Program Grant No. G2000077400,
China National Natural Science Foundation Grant N
19775026, the Fok Ying Tung Education Foundation, a
the Excellent Young University Teachers’ Fund of Educati
Ministry of China.
v.

e,
@1# P. J. Twinet al., Phys. Rev. Lett.57, 811 ~1986!.
@2# X.-L. Han and C.-L. Wu, At. Data Nucl. Data Tables73, 43

~1999!; B. Singhet al., Nucl. Data Sheets78, 1 ~1996!.
@3# C. E. Svenssonet al., Phys. Rev. Lett.85, 2693~2000!.
@4# T. Bengtsson and I. Ragnarsson, Nucl. Phys.A436, 14 ~1985!.
@5# E. Caurier, A. P. Zuker, A. Poves, and G. Martı´nez-Pinedo,

Phys. Rev. C50, 225 ~1994!.
@6# K. Hara and Y. Sun, Int. J. Mod. Phys. E4, 637 ~1995!.
@7# P. Ring and P. Schuck,The Nuclear Many Body Problem

~Springer-Verlag, New York, 1980!.
@8# Y. Sun, J.-y. Zhang, and M. Guidry, Phys. Rev. Lett.78, 2321

~1997!.
@9# Y. Sun and M. Guidry, Phys. Rev. C52, R2844~1995!.
@10# Y. Sun, J.-y. Zhang, M. Guidry, and C.-L. Wu, Phys. Re
Lett. 83, 686 ~1999!.

@11# K. H. Bhatt, S. Kahane, and S. Raman, Phys. Rev. C61,
034317~2000!.

@12# J. A. Sheikh, N. Rowley, M. A. Nagarajan, and H. G. Pric
Phys. Rev. Lett.64, 376 ~1990!.

@13# S. Frauendorf and J. A. Sheikh, Nucl. Phys.A645, 509~1999!.
@14# K. Hara, Y. Sun, and T. Mizusaki, Phys. Rev. Lett.83, 1922

~1999!.
@15# R. Ernstet al., Phys. Rev. Lett.84, 416 ~2000!.
@16# A. O. Macchiavelli and R. V. F. Janssens~private communi-

cation!.
5-4


