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Effect of neutron orbitals on the nuclear shape in neutron-deficient and
neutron-rich zirconium nuclei
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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[S0556-28137)02406-0

PACS numbgs): 21.60—n, 21.10.Gv, 27.56e, 27.60+]

The study of nuclear deformation in both neutron-by the occupancy of the neutron orbitals above the Fermi
deficient and neutron-rich zirconium isotopes helps one tdevel or the vacation of the neutron orbitals below the Fermi
understand the nature of collective motion occurring in thesdevel. The occupancy or vacation of a particular orbital is
nuclei. This collective motion is susceptible to modulationfound to contribute a particular shape to the nucleus in both
by shell structure. The transition from spherical to deformecheutron-deficient and neutron-rich zirconium isotopes. The
shapes in these nuclei has been stuflied] extensively in  percentage probability of a particular orbital among a num-
the framework of the shell modg1l0]. The deformation and ber of active orbitals above the Fermi level being occupied
shape coexistence in zirconium nuclei are studied in the relaas well as the percentage probability of a particular orbital
tivistic mean-field approachll]. The development of col- among the active orbitals below the Fermi level being va-
lectivity in light zirconium isotopes with particle number and cated is estimated. It is found that both these factors contrib-
angular momentum has been analyzed experimenfally ute to a particularly favored shape for the isotopes of zirco-
and also using interacting Boson modél3,14]. Hartree- nium nuclei.

Fock calculations with realistic forc¢$5,16 have also been The percentage occupation probability of a particular
used for a comprehensive understanding of the structure afrbital means the percentage probability of that orbital being
the zirconium isotopes. The macroscopic-microscopic crankeccupied among the active orbitals above the Fermi level due
ing calculationd 17—-19 have been useful in predicting the to transition of a particle from the active orbitals below the
shapes and binding energies of these nuclei with deformeBermi level. This percentage occupation probability is differ-
shapes. In our earlier calculatiop®0] the isospin fluctua- ent from the conventional occupation probability of a level in
tions in nuclei around =90 with triaxial deformation have the ordinary sense. Similarly the percentage vacation prob-
been studied using the statistical formalism. In this paper thability n~ of a particular orbital means the percentage prob-
deformation dependence of the occupation numbers of thability of that orbital below the Fermi level being vacated
neutron orbitals in neutron-deficient and neutron-rich zirco-among the active orbitals below the Fermi level. The occu-
nium nuclei at low temperature is investigated. For this purpation of a particular orbital above the Fermi level may be
pose the statistical theof21] proposed by Moretto is used. due to transitions from one or many active orbitals below the
The triaxial deformation is introduced into the picture by Fermi level. Similarly the vacation of a particular orbital
using the single-particle levels generated by diagonalizinggmong a number of active orbitals below the Fermi level
[22] the triaxially deformed Nilsson Hamiltonid23—-25in ~ may contribute to the occupation of one or many active or-
the cylindrical representation. Thé,) pair used for gen- bitals above the Fermi level.

erating the single-particle levels are taken frf28] and are The percentage occupation and vacation probabilities
different for different oscillator shells. The occupation prob-andn™ are calculated for zirconium isotopes of even mass
ability n; of theith shell is calculated using the conservation numbers from 74 to 104 for a temperatdre: 0.4 MeV and
equation(N)==n;==[1+exp(—a+Be,)] ! for neutrons. a spinM=0. The dependence of the percentage occupation
The Lagrangian multiplierr conserves the neutron number probability or percentage vacation probability of different
for a given temperaturé = 1/8. orbitals in these zirconium isotopes on deformation is stud-

The aim of this paper is to calculate the occupation numied. Calculations are performed for the deformation param-
bers of the various neutron orbitals in neutron-deficient ancter §5=0.0—0.6 withA$=0.1 and ford=—180° and—120°.
neutron-rich zirconium isotopes as a function of deformatioriThe deformation paramet@e=—180° corresponds to the ob-
and also to investigate the contribution to the nuclear shapkate shape rotating about the symmetry axis while

#=—120° corresponds to the prolate shape rotating about an
axis perpendicular to the symmetry axis. The deformation
*Present address: Department of Physics, Sacred Heart Collegearametes=0.0 corresponds to the spherical shape. The oc-

Tirupattur 635 601, India. cupation numbers of the different neutron orbitals in spheri-
"Present address: Department of Physics, Government Arts Cotal, oblate deformed, and prolate deformed neutron-deficient
lege, Tiruvannamalai, 606 603, India. and neutron-rich zirconium isotopes are presented in Table I.
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TABLE . Occupation numbers for the spherical) ( oblate deformedd) and prolate deformedp) neutron

Neutron Mass number
arbital shape & 74 16 8 80 82 84 86 88 90 92 94 96 98 100 102 104

1., 8 0.0 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8§.00 8.00 8.00 8.00 8.00 8.00 B8.00 8§.00
0.2 5.99 6.00 6.03 6.28 7.08 7.69 7.92 7.9%3 §.00 8.00 8.00 8.00 B8.00 8.00 8.00 8.00

0.4 4.00 4.06 4.79 5.42 5.81 5.97 6.01 6.11 6.54 7.15 7.65 7.88 7.96 8.00 B8.00 8.00

0.6 3.92 4.00 4.00 4.04 4.30 4.77 5.35 5.77 5.94 5.99 6.00 6.00 6.02 6.14 6.60 7.42

P 0.2 6.01 6.15 6.63 7.17 7.67 7.92 17.99 B8.00 8.00 8§.00 8.00 8.00 8.00 8.00 8.00 8.00

0.4 6.00 6.00 6.00 6.07 6.29 6.69 7.27 7.91 7.99 B.00 8.00 8.00 8.00 B8.00 8.00 8.00

0.6 4.00 4.00 4.00 4.00 4.00 4.00 4.13 4.51 5.15 5.96 6.85 7.59 7.90 7.97 8.00 8.00

2[>3/2 8 0.0 3.94 3.98 3.99 4.00 4.00 4,00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
o 0.2 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00

0.4 3.73 3.99 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 42,00 4.00 4.00 9.00 4.00 4.00

0.6 3.05 3.95 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00

P 0.2 3.89 3.99 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00

0.4 3.50 3.92 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00

0.6 1.64 2.17 2.86 3.70 3.96 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00

1f5Q s 0.0 1.79 3.38 4.81 5.96 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
o 0.2 2.16 3.94 5.48 5.95 5.99 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00

0.4 3.88 4.06 4.79 5.42 5.8f 5.97 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00

0.6 3.21 3.96 4.00 4.02 4.11 4.35 4.83 5.45 5.83 5.93 6.00 6.00 6.00 6.00 6.00 6.00

2] 0.2 2.09 3.68 4.59 5.21 5.67 5.93 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00

0.4 2.79 3.66 3.99 4.06 4.29 4.69 5.27 5.91 5.99 6.00 6.00 6.00 6.00 6.00 6.00 6.00

0.6 4.45 5.42 5.87 5.98 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00

2D s 0.0 0.26 0.64 1.19 1.96 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
o 0.2 1.84 1.98 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

0.4 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

0.6 2,00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

p 0.2 2,00 2.00 2.00 2.00 2.00 2.00 2.00 2.n0 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

®.4 0.00 0.01 0.23 t.39 1.83 1.94 1.98 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

0.6 0.00 0.00 0.00 0.00 0.02 0.23 1.37 1.81 1.92 1,87 1.99 2.00 2.00 2.00 2.00 2.00

159@ 8 0.0 0.00 0.00 0.00 0.08 2.00 4.00 6.00 8.00 9.97 10.00 10.00 10.00 10.00 10.00 10.00 10.00
o 0.2 0.01 ¢.08 0.50 1.77 2.87 4.06 5.15 5.75 5.98 6£.00 6.00 6.00 6.00 6.00 6.01 6.02

0.4 0.39 1.88 2.33 2.8 3.50 3.81 3.99 4.00 4.00 4.00 4.00 4.00 4.01 4.13 4.86 5.41

0.6 1.82 1.99 2.00 2.00 2.00 2.05 2.16 2.50 3.17 3.83 3.98 4.00 4.00 4.01 4.05 4.28

P 6.2 0.01 0.18 0.78 1.62 2.69 4.14 5.99 7.61 7.95 7.99 8.00 8.00 8.00 8.00 8.00 8.00

0.4 1.7 2.40 3.78 4.33 5.00 5.52 5.82 5.98 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00

0.6 3.85 3.98 4.00 4.00 4.00 4.00 4.05 4.20 4.47 4.84 5.31 5.74 5.93 5.98 6.00 6.00

2d;p 8 0.0 6.00 ©¢.00 0.00 0.00 0.00 ©0.00 ©.00 0.00 €.02 1.70 3.18 4.32 5.08 5.53 5.80 5.95
o 0.2 0.00 0.00 0.00 0.0 0.05 ©0.25 ©0.93 2.27 3.97 5.24 5.83 5.96 5.99 5.99 6.00 6.00

0.4 0.00 0.00 0.09 0.30 0.85 1.95 3.08 3.81 3.97 3.93 4.00 4.00 4.00 4.01 4.13 4.38

0.6 0.00 0.05 0.95 1.81 1.97 1.99 2.00 2.00 2.0%f 2.09 2.60 3.39 3.8 3.98 4.00 4.0t

P 0.2 0.00 0.0 0.00 0.00 0.00 0.00 0.00 0.17 0.14 0.68 2.13 3.88 S5.19 5.74 5.90 5.96

0.4 0.00 06.00 0.00 0.00 ©0.00 0.00 0.0t 0.06 0.57 1,19 1.67 2.00 2.53 3.80 4.97 5.59

0.6 0.00 0.00 0.00 ©0.00 0.00 0.0t 0.17 0.58 1.06 1.45 1.74 1.92 1.98 2.00 2.0F 2.17

lg7/2 8 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 ©.30 0.82 1.66 2.90 4.40 6.02 7.38
0.2 ¢.00 0.00 0.00 0.00 0.00 ©.00 0.00 0.00 0.09 ©0.66 1.61 2.28 2.99 3.90 4.81 5,51

0.4 0.00 0.00 0.00 0.00 0.00 0.0! 0.05 0.36 1.46 2.58 3.41 3.80 3.94 4.04 4.38 4.85

0.6 0.00 0.05 1.01 .83 1.87 1.99 2.00 2.01 2.05 2.3) 3.24 3.79 3.97 4.00 4.00 4.03

P 0.2 0.00 0.00 0.00 0.00 0.00 0.00 ©.0f ©0.23 1.07 }.73 1.96 2.09 2.57 3.37 4.08 4.71

0.4 0.00 0.00 0.01 0.16 0.59 1.16 1.64 2.12 3.20 $.11 5.00 §.76 6.00 6.12 6.4} 6.92

0.6 0.06 0.42 1.23 1t.98% 2.76 3.81 3.99 4.01 4.02 4.06 4.16 4.4% 5.15 5.70 5.94 6.02

3810 s 6.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0) 0.02 0.04 9.10 0.34
o 0.2 0.00 0.00 ©.00 0.00 0.00 0.00 ©0.00 0.00 0.00 0.05 0.30 0.90 1.43 .73 1.89 1.96

¢.4 0.00 0.00 0.00 0.0 0.03 ©0.19 0.87 1.71 1.95 1.95 2.00 2.00 2.00 2.00 2.00 2.00

0.6 0.00 0.00 0.02 ©0.16 0.79 1.39 1.76 1.93 1.98 2.00 2.00 2.00 2.00 2.00 2.00 2.00

[ 0.2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.00 0.00 0.01 0.07 0.26 0.61 1.0)

0.4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.08 0.25

0.6 0.00 0.00 ¢.00 0.00 0.00 0.00 0.00 ©.00 ©0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

2dgp 8 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 ©€.00 0.00 0.00 0.00 0.01 0.01 0.03 0.08 0.29
0.2 0.00 ©.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.25 0.81 1.44 1.99 2.54 3.16

6.4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 ©.00 0.04 0.15 0.49 1.30 2.50 3.79 3.98 3.99

0.6 0.00 0.00 0.02 0.6 0.82 1.41 1.77 1.93 1.99 2.02 2.20 2.76 3.65 3.95 3.99 4.00

o3 0.2 0.00 6.00 0.00 0.00 O0.00 ©.00 0.00 0.00 0.84 t.40 1.91 t.99 2.00 2.00 2.00 2.00

0.4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0,00 0,00 0.00 0.00 0.00 0.00 0.00

0.6 0,00 0.00 ¢.00 0.00 0.00 0.00 0.00 0.00 0.00 C€.00 0.¢0 0.00 0.0C 0.00 Q.00 0.01

thyyp g 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0f 0.05
.2 0.00 0.00 0.00 ©0.00 ©0.00 0.00 0.00 0.00 0.00 0.00 0.0f 0.65 0.16 0.38% 0.76 1.35

0.4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 ©0.04 O0.15 0.46 1.02 1.57 2.02 2.57 3.13

0.6 0.00 0.00 0.00 0.00 0.01 0.04 0.13 0.40 1.03 1.75 1.97 1.99 2.00 2.00 2.00 2.02

D 0.2 0.00 0.00 0.00 0.00 0.00 ©.00 0.00 0.00 0.00 0.00 0.00 0.0 0.13 ¢©.64 1.41 2.30

6.4 0.00 0.00 0.00 0.00 0.00 0.00 0.60 0.02 0.24 0.68 1.35 2.24 3.47 4.01 4.47 35.04

0.6 0.00 0.01 0.05 0.37 1.27 1.9% 2.20 54 3,37 1.67 3.6 3.97 4.02 4.13 4,60 5.74
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FIG. 1. The percentage occupation probability
n* of the different neutron orbitals among the
active orbitals above the Fermi level as a function
of deformation parametei®and 6. The solid line
for #=—180° corresponds to oblate shape and the
dashed line fol®=—120° corresponds to the pro-
late shape. The numbers on the curves indicate
the mass numbers of the nuclei.

Examination of the table reveals that thé,1, orbital is  bital, which becomes active in the neutron-rich Zr, region
preferred for occupation compared to the lower orbitalsfavors a prolate shape. It is obvious from Fig. 2 that the
3sy, and Ag),. 2d3, orbital, which is hemmed in between the oblate favor-
Figure 1 represents the percentage occupation probabilitpg 3s,/, orbital and prolate favoring H,,,, orbital, favors
n" of the orbitals Dy, 19gs, 2dss, 1075 351, and the oblate shape foh=102 and 104 while foA=90, 92,
1h,4, as a function of triaxial deformation parametérand 94, 96, 98, and 100 it exhibits a complex behavior.
6 for neutron-deficient and neutron-rich zirconium nuclei of Figure 3 represents the percentage vacation probability
even mass numbers from 74 to 104. It is found that whem™ of the orbitals 2is;,, 109, 1f5,,and If;, as a function
transitions to many orbitals take place each orbital has a
tendency to favor a particular deformation character in all 4 2d,,
these nuclei. The transition to th@ g, orbital among a num-
ber of active orbitals favors the oblate shape Aot 74, 76, e
and 78 nuclei. FOA>78, transitions to higher orbitals only "™ sg
are possible. In a similar manner we find that the transition tc
the 1gq, orbital favors the prolate shape, the transition to the
2ds,, orbital favors the oblate shape, the transition to the
194, orbital favors the prolate shape, and the transition tc
the 3s4, orbital favors the oblate shape for the neutron-
deficient and neutron-rich zirconium nuclei. Thé,1,, or- FIG. 2. Same as Fig. 1 for thedg, neutron orbital.

o 32
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1gq, Orbitals below the Fermi level which are active in the
neutron-rich region favor prolate and oblate shapes, respec-
tively, for the nucleus. Similarly, vacation off3, and

1f-,, orbitals below the Fermi level which are active in the
neutron-deficient region show preponderence for prolate and
oblate shapes, respectively, for the nucleus even though there
is a deviation from this behavior at very large deformations
for these two levels.

A study of 2ds;, and 1gg, orbitals reveals that the occu-
pation of the former contributes to oblate shape whereas its
vacation contributes to the prolate shape while the reverse is
the case for the latter. This implies that if the occupation of a
particular orbit contributes to a prolate shape its vacation will
contribute to an oblate shape and vice versa. The contribu-

8 8 tion of the proton orbitals to the nuclear shape is not dealt

] . . with here as the proton number is fixed for the Zr isotopes. It

_FIG. 3. Same as Fig. 1 for the percentage vacation probabilityg 1,6 that the net contribution of the level character of all

n- of the_dlfferent neutron orbitals among the active orbitals belowthe active neutron orbitals and the proton orbitals will be

the Fermi level. determining the nuclear shape. An exhaustive calculation in-

volving the effects of temperature and spin angular momen-

of triaxial deformation parameteré and 6 for neutron- tum on the optimum shape of these nuclei by minimizing the
deficient and neutron-rich Zr nuclei of even mass numbergnergy functional is in progress.

from 74 to 104. It is found that when vacation of many One of the author$S.V. thanks the University Grants

orbitals below the Fermi level takes place each orbital has &@ommission, India, for support. This work was supported in

tendency to favor a particular deformation character of thepart by the Department of Atomic Energy, Government of
nucleus. Our calculations suggest that vacationdy2and  India, Vide No. 37/18/96-11/847.
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