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Single particle and collective structure for nuclei near 132Sn
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A new Nilsson single-particle structure is proposed for neutron-rich nuclei near132Sn. In general, a large
reduction in spin-orbit interaction is required and the neutronN582 gap persists in the new set of parameters.
The ground state deformations for several isotopic chains are studied with this set and compared with the
results of the standard set and with measured ones. Collective bands in two even-even, neutron-rich nuclei are
calculated using the projected shell model with the new set of parameters and improved agreement with
existing data is found.@S0556-2813~98!50811-4#

PACS number~s!: 21.10.Re, 21.60.Cs, 23.20.Lv, 27.60.1j
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The study of nuclei far fromb stability is an important
topic in nuclear physics@1#, both because of their intrinsi
importance to nuclear structure and for their importance
astrophysics. One substantial step along this line is to inv
tigate the neutron-rich nuclei where data are available, s
as those around132Sn. These nuclei are of unique intere
because132Sn is expected to have doubly closed shells a
the levels in nearby nuclei are expected to be largely
single-particle nature. We note in this regard that the2

state in132Sn lies at 4.3512 MeV, much higher than in208Pb
~2.6146 MeV! @2#. Thus, 132Sn may be expected to be a
even better closed shell nucleus than208Pb. Therefore, as an
approximation, the single particle and hole states obser
experimentally in the nearest odd-A nuclei are assumed to b
pure in structure, and can be directly used as reference
construct the theoretical single particle scheme for this
gion @3#.

For the 132Sn region, some experimental data are beg
ning to fill the gaps between the known single-particle sp
trum in the stability valley and the unknown spectrum at
drip line. For example, the single-particle structure abo
and below the neutron numberN582 gap can be found from
decay data for133Sn @4# and 131Sn @5#. However, near the
proton Z550 gap, less is known; only a few particle stat
from 133Sb @7,3# and one hole state from131In @8,5# have
been reported. This paper proposes to construct a new sin
particle spectrum utilizing available experimental data, a
to investigate the impact of this spectrum on ground-s
properties and collective excitations in the region near132Sn.

The Nilsson model with the ‘‘standard’’ set of paramete
@9,10# has been quite successful in describing the sing
particle structure for stable nuclei. Two parameters,k andm,
appear in the Nilsson potential

V52k\v0
6@2l t•s1m~ l t

22^ l t
2&N!#, ~1!

\v0
65\v0@16~N2Z!/3A#, ~2!

where ‘‘1’’ stands for neutrons and ‘‘2’’ for protons, \v0
is the harmonic-oscillator parameter,s is the intrinsic
nucleon spin, andl t is the orbital angular momentum in th
stretched coordinate basis@9#. However, the experimental in
PRC 580556-2813/98/58~5!/2663~4!/$15.00
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formation for nuclei near132Sn indicates that the standar
parameter set cannot be correct for very neutron-rich nuc
Thus, an adjustment of these parameters is necessary if
hopes to describe this region using a Nilsson single-part
spectrum.

Let us first consider the neutron single-particle structu
To reproduce the observed single-neutron particle lev
above theN582 gap, one must reduce the strength of t
spin-orbit interaction forN55 with l 51 andl 53 substan-
tially from the standard value in the stability valley becau
of the observed smaller separation betweenf 7/2 and f 5/2 lev-
els, and betweenp3/2 andp1/2 orbitals. On the other hand, th
pair of h orbitals require a larger value ofk to position them
properly above the gap (h9/2) and below it (h11/2). For other
orbitals below theN582 gap, one also requires a reductio
in k.

It is crucial to notice that, from Eq.~1!, if m<0.50 the
energy order of neutron orbitals isd5/2, g7/2, s1/2, d3/2,
while for m.0.50, the energy order isg7/2, d5/2, d3/2, s1/2.
Therefore, them parameter for thes,d shells and for theg
shellcannotbe the same if the experimental energy order
g7/2, d5/2, s1/2, d3/2 @5# is to be reproduced; in particular, th
g7/2 orbital is required by the data to be about 800 keV bel
thed5/2 orbital. The necessity of introducing thel-dependent
Nilsson parameters has also been pointed out in Ref.@6#. For
proton single-particle levels nearZ550 the experimental in-
formation is less extensive and a reduction ofk(N54,5)
plus an adjustment ofm(N53,4,5) are necessary to repro
duce the limited set of known particle and hole spect
However, since at present we do not have further experim
tal information about the size ofZ550 gap, we still keep the
standard kappa value for the pair ofg orbitals. In Table I, we
summarize the adjusted proton and neutronk andm param-
eters for theN 5 3, 4, and 5 shells that best reproduce t
available data in this region. According to the most proba
spin and parity assignment for the parent state in134In, the
neutron separation energy in133Sn, and the semiempirica
Woods-Saxon potential adjusted from the data near208Pb
@4#, then i 13/2 orbital should lie above 3 MeV in excitation. In
our case, theN56 shell has not been modified and lies at 3
MeV relative to then f 7/2 orbital, in a position consistent with
R2663 ©1998 The American Physical Society
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TABLE I. Nilsson Parametersk andm around132Sn.

N l kp New kp mp New mp kn New kn mn New mn

3 1,3 0.090 0.300 0.340 0.090 0.250
4 0,2 0.065 0.039 0.570 0.760 0.070 0.039 0.390 0.33

4 0.065 1.089
5 1,3 0.060 0.052 0.650 0.645 0.062 0.035 0.430 0.09

5 0.082 0.490
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all available information. Table II shows the correspond
single-particle level scheme from the experimental data,
from the new Nilsson parameters, and that derived from
standard set of parameters@9,10#, for nuclei around132Sn.
Obviously, the new set of parameters nicely reproduces
data while the standard set does not.

Relativistic mean field~RMF! theory @11# with nonlinear
self-interactions between mesons has been used in m
studies of low-energy phenomena in nuclear structure
careful investigation of isospin dependence for the spin-o
interaction in neutron-rich nickel and tin isotopic chains
dicates that the spin-orbit potential is considerably reduc
resulting in smaller energy splittings between spin–o
partners@12#. The spin-orbit interaction, which is central
the preceding discussions, arises naturally in RMF theor
a result of the Dirac structure of the nucleons. Thus, i
relevant to consider the relation of the new single-part
Nilsson spectrum to that of the RMF.

The single-particle levels from RMF calculations wi
three typical interactions@11,12# ~NL1, NL3, NLSH! are
listed in Table II as well. Without any special parame
adjustment for this particular region, the RMF single-parti
levels are found to be reasonably close to the data. Fur
more, the results from both our newk,m Nilsson paramete
set and the RMF indicate a smaller separation between s
orbit partners that originates from a reduction of the sp
orbit interaction strength~except for our special adjustme
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of the neutronk for N55 to separate theh11/2 andh9/2 or-
bitals for the reasons mentioned above!. TheN582 gap sur-
vives in the new set of Nilsson parameter, as is also true
the RMF @13# and in the FRDM@14# for these neutron-rich
nuclei. Figure 1 shows the experimental neutron le
scheme around the 82 gap as well as calculated Nilsson
els with the standard set and proposed set of parameters
the ones from RMF calculation with NL3 parameters. It
obvious that the new set of parameters reproduces well
observed particle and hole state levels.

Next, we consider the impact of the new Nilsson para
eters on other physical quantities. Figure 2 shows defor
tions extracted from potential energy surface calculations
cadmium, tellurium, and xenon isotopes by the us
Nilsson-Strutinsky-BCS approach@9#, employing both the
new and the standardk andm parameter sets. For referenc
deformations extracted from experimental quadrupole m
ment values@15# by an empirical formula@16# are also in-
cluded. Unfortunately, the experimental deformations so
observed are mostly for stable nuclei and hence canno
used to check the new set of parameters. However, the o
all difference between calculated deformations from the t
sets of parameters is not large, implying that global grou
state properties of even-even nuclei such as the deforma
are not very sensitive to the details of the single-parti
structure. Therefore, the validity of the new parameter
should be further checked by comparing with other qua
TABLE II. Level scheme of131Sn ~neutron hole!, 133Sn ~neutron particle!, 131In ~proton hole! and 133Sb
~proton particle!

Orbital Exp. Newk, m Old k, m NL1 NL3 NLSH

n d3/2 0.000 0.000 0.000 0.000 0.000 0.000
hole h11/2 20.242 20.265 20.044 12.019 11.249 10.446

s1/2 20.332 20.346 20.403 10.308 10.423 10.461
d5/2 21.655 21.695 23.047 21.623 21.657 21.759
g7/2 22.434 22.435 22.108 22.309 23.403 24.224

n f 7/2 0.000 0.000 0.000 0.000 0.000 0.000
particle p3/2 0.854 0.883 3.399 0.868 0.860 0.702

h9/2 1.561 1.481 0.681 1.956 0.956 0.369
p1/2 1.656 1.797 5.018 1.203 1.202 1.033
f 5/2 2.005 2.122 3.777 1.468 1.434 1.312
i 13/2 3.408 2.476 4.729 3.951 3.266

p g9/2 0.000 0.000 0.000 0.000 0.000 0.000
hole p1/2 20.363 20.358 21.102 21.546 21.010 20.426
p g7/2 0.000 0.000 0.000 0.000 0.000 0.000
particle d5/2 0.962 0.965 0.472 1.851 2.814 3.563

d3/2 2.440 2.408 2.880 3.534 4.503 6.257
h11/2 2.793 2.772 1.536 4.331 4.611 4.629
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ties that provide a more stringent test of the single-part
structure.

The new Nilsson parameters should represent a bette
sis from which more sophisticated wave functions can
constructed. Therefore, we may test the new Nilsson par
eters by employing them in calculations that have a dir
connection with measured collective spectra. For this p
pose, we shall employ the projected shell model~PSM! to
calculate the yrast bands of two even-even nuclei,136Te and
142Xe, for which limited data are available.

The PSM@17# is a spherical shell model truncated in
deformed Nilsson-BCS basis. This truncation is highly e
cient if the single-particle basis is realistic because the q
siparticle basis already contains most of the correlations@17#.
Therefore, the quality of the Nilsson single-particle states
crucial for the PSM results. Once a good single-particle ba
is provided to the PSM, energy levels and many-body w
functions can be obtained through shell model diagonal
tion. It has indeed been shown that the PSM can nicely
scribe the collective bands in normally deformed@17#, super-
deformed @18#, and transitional nuclei@19#. This further
permits the matrix elements for processes such as ele
magnetic transitions and direct capture to be calculated
well.

In PSM calculations of the low-spin states relevant he
the projected multiquasiparticle states consist of 0- and 2
~2n and 2p! states for even-even nuclei, typically with

FIG. 1. Single neutron particle~a! and hole~b! states. Experi-
mental~left-most! and calculated results from Nilsson model wi
new parameter set, from standard set, and from RMF with N
parametrization.
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dimension of 50. For the single-particle space we use th
major shells:N 5 4, 5, and 6 for neutrons andN 5 3, 4, and
5 for protons. The deformations in the Nilsson single-parti
basis were«250.060 and«4520.004 for 136Te, and«2
50.150 and«4520.012 for 142Xe. These values are consis
tent with those presented in Fig. 2. All the states within o
nucleus were obtained from the diagonalization in this~pro-
jected! shell model basis with the same basis deformatio

Figure 3 shows results from the PSM calculation. It
obvious that the calculations employing the new set of N
son parameters nicely reproduce the data, while those
the standard set of Nilsson parameters determined in the
bility valley are in much poorer agreement. More importa
than the quantitative differences is that the qualitative nat
of the collective excitations is very different for the two p
rameter sets. For example, in142Xe, the new set gives~cor-
rectly! a more rotational structure, while the older set su
gests a more vibrational structure, even though the calcul
deformations are very similar. Here it is the change in sin
particle states that gives rise to the different nature of
yrast sequence.

Around the mass-140 region, especially nearZ556, oc-
tupole degrees of freedom have been found to be impor
in earlier calculations@20,21,14#. In the present PSM calcu
lation, the octupole degree of freedom has not been includ
Therefore, the number of nuclei that can be used to exam

3
FIG. 2. Ground state deformations: experimental values@15#

~dots!, absolute values from calculations with new set of parame
~open triangles!, and with standard parameter set~open circles! for
Cd, Te, and Xe isotopes.
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the proposed Nilsson parameter set has been restricte
nuclei that are expected to have little octupole coupling.
note that the separation between the two key orbitals tha
responsible for the main octupole correlation in the m
region discussed,n i 13/2 and n f 7/2, is about 1 MeV larger
from the new set of parameters than that from the stand
one~see Table II!, which should result in a weaker octupo
correlation. Therefore we do not expect the inclusion of
tupole forces to alter our discussion of the examples sho
here. In the future, one should investigate quantitatively

FIG. 3. Yrast bands in136Te and142Xe from experimental data
~dots! @2# and PSM calculations with the new set of Nilsson para
eters ~open triangles!, and with the standard Nilsson paramete
~open circles!.
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influence of octupole deformation on the yrast band spe
for this neutron-rich mass region based on the new se
Nilsson parameters with larger separation of then i 13/2 and
n f 7/2 orbitals.

Because of the limited present information on empiric
single-particle spectra in this region, this new set of para
eters should be employed with confidence only for neutr
rich nuclei with Z546256 andN568296. Furthermore,
the present parametrization is on firmer ground for nuc
with proton number beyond 50, since there is only one h
state known experimentally below theZ550 gap. Neverthe-
less, the evidence cited above suggests that a parametriz
at least similar to the one presented here will be required
describe the physics of this entire region of neutron-rich
clei.

In summary, a new set of Nilsson parameters is propo
for neutron-rich nuclei around132Sn. These parameters diffe
substantially from those commonly employed for stable n
clei, and nicely reproduce the existing data. Reduced sep
tion between spin-orbit partners and persistence of the n
tron N582 gap are found in the new Nilsson diagram. W
find many similarities between the new single-partic
scheme and results from relativistic mean field theory. Ava
able data for yrast bands in even-even nuclei around132Sn
are well reproduced by PSM calculations with the new se
Nilsson states as a basis, but the spectra are not even q
tatively in agreement with data when the standard set is u
However, the nuclei that can be used to examine the p
posed parameter set is quite limited at present, and it is
vious that more experimental data are needed to further
the Nilsson parameters for these neutron-rich nuclei.
provements in the theoretical model, such as the inclusio
the octupole degree of freedom are required as well.
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