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Effect of neutron orbitals on the nuclear shape in neutron-deficient and
neutron-rich zirconium nuclei

N. Arunachalam, S. Veeraraghavan,* and A. Mohamed Akbar†

Department of Physics, Manonmaniam Sundaranar University, Tirunelveli 627 002, India
~Received 5 November 1996; revised manuscript received 18 February 1997!

The neutron-deficient and neutron-rich zirconium nuclei are studied using statistical theory. The deformation
dependence of occupation numbers of the neutron orbitals in these nuclei near the Fermi level is investigated.
The preference of the neutrons to occupy or vacate a particular orbital is found to contribute a particular shape
to the nucleus.@S0556-2813~97!02406-0#

PACS number~s!: 21.60.2n, 21.10.Gv, 27.50.1e, 27.60.1j
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The study of nuclear deformation in both neutro
deficient and neutron-rich zirconium isotopes helps one
understand the nature of collective motion occurring in th
nuclei. This collective motion is susceptible to modulati
by shell structure. The transition from spherical to deform
shapes in these nuclei has been studied@1–9# extensively in
the framework of the shell model@10#. The deformation and
shape coexistence in zirconium nuclei are studied in the r
tivistic mean-field approach@11#. The development of col-
lectivity in light zirconium isotopes with particle number an
angular momentum has been analyzed experimentally@12#
and also using interacting Boson model@13,14#. Hartree-
Fock calculations with realistic forces@15,16# have also been
used for a comprehensive understanding of the structur
the zirconium isotopes. The macroscopic-microscopic cra
ing calculations@17–19# have been useful in predicting th
shapes and binding energies of these nuclei with deform
shapes. In our earlier calculations@20# the isospin fluctua-
tions in nuclei aroundA590 with triaxial deformation have
been studied using the statistical formalism. In this paper
deformation dependence of the occupation numbers of
neutron orbitals in neutron-deficient and neutron-rich zir
nium nuclei at low temperature is investigated. For this p
pose the statistical theory@21# proposed by Moretto is used
The triaxial deformation is introduced into the picture
using the single-particle levels generated by diagonaliz
@22# the triaxially deformed Nilsson Hamiltonian@23–25# in
the cylindrical representation. The (k,m) pair used for gen-
erating the single-particle levels are taken from@23# and are
different for different oscillator shells. The occupation pro
ability ni of the i th shell is calculated using the conservati
equation^N&5(ni5(@11exp(2a1bPI)#

21 for neutrons.
The Lagrangian multipliera conserves the neutron numb
for a given temperatureT51/b.

The aim of this paper is to calculate the occupation nu
bers of the various neutron orbitals in neutron-deficient a
neutron-rich zirconium isotopes as a function of deformat
and also to investigate the contribution to the nuclear sh
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by the occupancy of the neutron orbitals above the Fe
level or the vacation of the neutron orbitals below the Fer
level. The occupancy or vacation of a particular orbital
found to contribute a particular shape to the nucleus in b
neutron-deficient and neutron-rich zirconium isotopes. T
percentage probability of a particular orbital among a nu
ber of active orbitals above the Fermi level being occup
as well as the percentage probability of a particular orb
among the active orbitals below the Fermi level being v
cated is estimated. It is found that both these factors cont
ute to a particularly favored shape for the isotopes of zir
nium nuclei.

The percentage occupation probabilityn1 of a particular
orbital means the percentage probability of that orbital be
occupied among the active orbitals above the Fermi level
to transition of a particle from the active orbitals below t
Fermi level. This percentage occupation probability is diffe
ent from the conventional occupation probability of a level
the ordinary sense. Similarly the percentage vacation pr
ability n2 of a particular orbital means the percentage pro
ability of that orbital below the Fermi level being vacate
among the active orbitals below the Fermi level. The oc
pation of a particular orbital above the Fermi level may
due to transitions from one or many active orbitals below
Fermi level. Similarly the vacation of a particular orbit
among a number of active orbitals below the Fermi le
may contribute to the occupation of one or many active
bitals above the Fermi level.

The percentage occupation and vacation probabilitiesn1

and n2 are calculated for zirconium isotopes of even ma
numbers from 74 to 104 for a temperatureT50.4 MeV and
a spinM50. The dependence of the percentage occupa
probability or percentage vacation probability of differe
orbitals in these zirconium isotopes on deformation is st
ied. Calculations are performed for the deformation para
eterd50.0–0.6 withDd50.1 and foru52180° and2120°.
The deformation parameteru52180° corresponds to the ob
late shape rotating about the symmetry axis wh
u52120° corresponds to the prolate shape rotating abou
axis perpendicular to the symmetry axis. The deformat
parameterd50.0 corresponds to the spherical shape. The
cupation numbers of the different neutron orbitals in sphe
cal, oblate deformed, and prolate deformed neutron-defic
and neutron-rich zirconium isotopes are presented in Tab
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TABLE I. Occupation numbers for the spherical (s), oblate deformed (o) and prolate deformed (p) neutron
orbitals in neutron-deficient and neutron-rich zirconium isotopes.
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FIG. 1. The percentage occupation probabil
n1 of the different neutron orbitals among th
active orbitals above the Fermi level as a functi
of deformation parametersd andu. The solid line
for u52180° corresponds to oblate shape and
dashed line foru52120° corresponds to the pro
late shape. The numbers on the curves indic
the mass numbers of the nuclei.
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Examination of the table reveals that the 1h11/2 orbital is
preferred for occupation compared to the lower orbit
3s1/2 and 2d3/2.

Figure 1 represents the percentage occupation probab
n1 of the orbitals 2p1/2, 1g9/2, 2d5/2, 1g7/2, 3s1/2, and
1h11/2 as a function of triaxial deformation parametersd and
u for neutron-deficient and neutron-rich zirconium nuclei
even mass numbers from 74 to 104. It is found that wh
transitions to many orbitals take place each orbital ha
tendency to favor a particular deformation character in
these nuclei. The transition to the 2p1/2 orbital among a num-
ber of active orbitals favors the oblate shape forA574, 76,
and 78 nuclei. ForA.78, transitions to higher orbitals onl
are possible. In a similar manner we find that the transition
the 1g9/2 orbital favors the prolate shape, the transition to
2d5/2 orbital favors the oblate shape, the transition to
1g7/2 orbital favors the prolate shape, and the transition
the 3s1/2 orbital favors the oblate shape for the neutro
deficient and neutron-rich zirconium nuclei. The 1h11/2 or-
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bital, which becomes active in the neutron-rich Zr, regi
favors a prolate shape. It is obvious from Fig. 2 that t
2d3/2 orbital, which is hemmed in between the oblate favo
ing 3s1/2 orbital and prolate favoring 1h11/2 orbital, favors
the oblate shape forA5102 and 104 while forA590, 92,
94, 96, 98, and 100 it exhibits a complex behavior.

Figure 3 represents the percentage vacation probab
n2 of the orbitals 2d5/2, 1g9/2, 1f 5/2,and 1f 7/2 as a function

FIG. 2. Same as Fig. 1 for the 2d3/2 neutron orbital.
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of triaxial deformation parametersd and u for neutron-
deficient and neutron-rich Zr nuclei of even mass numb
from 74 to 104. It is found that when vacation of man
orbitals below the Fermi level takes place each orbital ha
tendency to favor a particular deformation character of
nucleus. Our calculations suggest that vacation of 2d5/2 and

FIG. 3. Same as Fig. 1 for the percentage vacation probab
n2 of the different neutron orbitals among the active orbitals bel
the Fermi level.
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1g9/2 orbitals below the Fermi level which are active in th
neutron-rich region favor prolate and oblate shapes, res
tively, for the nucleus. Similarly, vacation of 1f 5/2 and
1 f 7/2 orbitals below the Fermi level which are active in th
neutron-deficient region show preponderence for prolate
oblate shapes, respectively, for the nucleus even though t
is a deviation from this behavior at very large deformatio
for these two levels.

A study of 2d5/2 and 1g9/2 orbitals reveals that the occu
pation of the former contributes to oblate shape whereas
vacation contributes to the prolate shape while the revers
the case for the latter. This implies that if the occupation o
particular orbit contributes to a prolate shape its vacation w
contribute to an oblate shape and vice versa. The contr
tion of the proton orbitals to the nuclear shape is not de
with here as the proton number is fixed for the Zr isotopes
is hoped that the net contribution of the level character of
the active neutron orbitals and the proton orbitals will
determining the nuclear shape. An exhaustive calculation
volving the effects of temperature and spin angular mom
tum on the optimum shape of these nuclei by minimizing
energy functional is in progress.
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