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Cranked Hartree-Fock-Bogoliubov calculations in the Xe-Ba region
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Properties of the ground state and first 21 state of a large number of even-even nuclei in the Xe-Ba region
have been calculated using a simple version of cranked Hartree-Fock-Bogoliubov model. The parameter set
used has been obtained by fitting the ground state properties of some of the nuclei in this region. The sensitivity
of the results to the choice of parameters has also been tested in a few cases. The shape rigidity of the nuclei
in this mass region has been studied by generating energy contours in theb2-g plane. Influence of the
hexadecapole deformation on nuclei having flat energy surfaces in theg direction has been examined. Higher
angular momentum states also~up to 61 or 101) have been calculated in some of the nuclei to study the
evolution of shape and nature of alignment with increasing spin.@S0556-2813~97!06111-6#

PACS number~s!: 21.60.Ev, 21.60.Cs, 21.60.Jz, 27.60.1j
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I. INTRODUCTION

The study of nuclear structure@1,2# of the isotopes of
tellurium to cerium nuclei has provided us with a wealth
information on both collective and particle excitations.

There exists an exhaustive list of theoretical as well
experimental investigations devoted to the study of the st
ture of this complex transitional region@1–5#. This is the
heaviest mass region where proton and neutron excitat
within the same major shell can compete. There are
important consequences of this competition. First, unlike
the rare earth region, where particles responsible for the
backbending in the even-even nuclei are always neutron
the Xe-Ba region there are evidences of two parallel sup
bands corresponding to the neutron and proton alignm
~forking of band!. So in this region it may be neutrons o
protons which cause the first backbending depending u
the particular isotope concerned. Secondly, potential-ene
surface~PES! and cranked-shell model~CSM! calculations
suggest that these high-j valence particles exert a strong an
specific deformation driving force on theg-soft core; par-
ticles in the lower part of theh11/2 subshell favor a collec-
tively rotating prolate shape (g . 0°! in the Lund conven-
tion @6#, while those in theh11/2 upper midshell favor a
collectively rotating oblate shape (g . 260°).

This is a region where one can study the variation
shape from spherical to well deformed through triax
within a isotopic series~increasingN, sameZ) or within a
chain of isotones~sameN, increasingZ). Similarly, the na-
ture of band crossing, i.e., whether they are due to proto
neutron alignment is not always established beyond doub
fact, the most sensitive physical variables, i.e., magnetic
ments of high spin states which can be used as a very g
probe to study the nature of alignment, have been meas
only in a very few cases in this mass region. So though m
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theoretical and experimental investigations have been d
in this region, there are still several open questions wh
can be addressed through further investigations.

In the cranked Hartree-Fock-Bogoliubov~CHFB! formal-
ism, the potential parameters are determined s
consistently. In spite of its several shortcomings, this form
ism has been used extensively to investigate the comple
of the nuclear excitation spectra, arising from the interplay
single-particle and collective aspects of nuclear motion, a
function of rotational frequency. To have a microscopic vie
of the variation of shape, pairing gaps, andg factors with
spin, mass, and atomic numbers for the nuclei in the Xe
transitional region, self-consistent CHFB calculations w
the pairing-plus-quadrupole~PPQ! Hamiltonian of Baranger
and Kumar~BK! @7# have been performed.

The CHFB formalism using PPQ Hamiltonian has be
widely used in the rare earth region to study the variation
g factor, deformation, and pairing gap with spins@8–10#.
The parameters~including the set of spherical single partic
energies! used in these calculations are mostly chosen
cording to the suggestions of Baranger and Kumar from th
exhaustive study@7# of the ground state properties of the
nuclei. A few attempts@9,10# were also made to have a bett
set of parameters. There is no such exhaustive study in
region. But proper choice of parameter is the primary
quirement to study a specific region with a particular mod
In this work we have tried to get a reasonable set of para
eters for this region and study various aspects of nuc
structure using the above model. The main purpose of
study is not to fit any experimental data, backbending, og
factors, whatsoever, in a particular isotope very accurat
But we want to understand, as far as possible, the applica
ity of this model, in its usual form, in this transitional regio
and to study the gross features of the nuclear structure of
region. We have not, therefore, made any adjustment of
strengths of the residual interactions from isotope to isot
~except for a few special cases!, although we have studied
wide mass region fromA5122 to 148.

With this in view, we have obtained a set of paramet
n
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56 3141CRANKED HARTREE-FOCK-BOGOLIUBOV . . .
by fitting the experimental data~e.g., ground state deforma
tion and pairing gaps, excitation energies, nature of align
particles, andg factors of the ground state band from 01 to
101, wherever available! in 122,124Xe and 126Ce. Next we
have calculated the 01 and 21 states of 1202122Te,
1262132Xe, 1302136Ba, 1422146Ba with this set of parameters
For 132Ba, calculations have been done for the 101 state also
to check whether this set of parameters can reproduce tg
factor of this state measured recently@11#. For the
132,134,146,148Ce isotopes, properties of the states from 01 to
61 have been calculated. We have also tested the sensit
of the results with respect to the change of parameters
few cases. The shape rigidity of the nuclei in this mass
gion has been studied by generating energy contours in
b2-g plane. Influence of the hexadecapole deformation
nuclei having flat energy surfaces in theg direction has also
been examined.

Since the model used in this work is well known, on
some of its relevant features are presented here. Resul
the calculation are discussed in detail in subsequent sec
keeping in view the objectives of the present work.

II. CHFB FORMALISM

A. Model

In the cranking model, the HamiltonianHv is cranked
about an axis~here,x axis! perpendicular to the symmetr
axis ~here,z axis! of the nucleus

Hv5H2v Î x2lN̂, ~1!

wherev is the Lagrange multiplier~given in energy units,
interpreted as the cranking frequency for rotation aboux
axis! such that total angular momentum of the system
given by the constraint,

I x5^cCHFB~v!u Î xucCHFB~v!&5AI ~ I 11! ~2!

along with the usual constraint on the particle numberN, due
to the presence of pairing interaction term in the Hamilton
H. Here l, interpreted as the Fermi level, is the Lagran
multiplier used to ensure the conservation of ‘‘average’’ p
ticle number,

^cCHFB~v!uN̂tucCHFB~v!&5Nt , ~3!

whereNt denotes proton or neutron number outside the co
For compensating small numerical errors in satisfying
above relation we have added a correction term in the en
E @10,12#.

In Eq. ~1!, H is given by a more general form~to include
the hexadecapole term! of the pairing plus quadrupole mode
Hamiltonian of Baranger and Kumar@7#:

H5(
at

«atCa
†Ca2

1

2 (
l52,4

(
abcdmtt8

atat8^auQlm
t uc&

3^bu~21!mQl2m
t8 ud&Ca

†Cb
†CdCc

2
1

4(t
Gt(

ac
Ca

†Cā
†
Cc̄Cc . ~4!

Here ua&, ub&, . . . are the symmetrized signature ba
g
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states@13#. Various symbols have their usual meanings;t, t8
being neutron or proton. In general,

Qlm5r 2Ylm~u,f! ~5!

andb2 andg are given by

\vob2cosg5D20, \vob2sing5A2D22, ~6!

where

D2m5x2(
t

at^Q2m&t5~21!mD22m ~7!

and @10,14#

D4m5x4(
t

at^Q4m&t5~21!mD42m . ~8!

We have definedb4 through the relation

\vob45D40. ~9!

The radial coordinate is given in units of oscillator length

b̃5~\/mvo!1/2, ~10!

which is connected with the oscillator energy

\vo541.2A1/3 MeV. ~11!

The parameters

at5H ~2Z/A!1/3 for protons,

~2N/A!1/3 for neutrons
~12!

have been introduced by Baranger and Kumar to ens
equal radii for protons and neutrons.

Theg factors are calculated fromm̂x , x is the component
of magnetic moment operatorm̂, as

gI5^cCHFBum̂xucCHFB&/I x . ~13!

We have attenuated the values of (gs) free ~spin g factor! by
0.6. So

gI5@^ Î x
p&12.351~^ŝx

p&20.98̂ ŝx
n&!#/AI ~ I 11!. ~14!

Besides this, we have generated energy contour plot
some nuclei in theb2-g plane corresponding to eachb2, g
mesh point. Pairing gaps (Dp andDn) have been determine
self-consistently for each of the mesh points. For cont
plots including hexadecapole degree of freedom, we h
considered a fixed value ofb4 and determined the self
consistent minimum.

B. Parameter choice

The oscillator shellsN54 and 5 are included in the bas
states for both protons and neutrons for nuclei with m
number A<140. For nuclei with higher masses, we ha
used the oscillator shellsN55 and 6 for neutrons. The iner
cores are, therefore,40

80Zr40, 40
110Zr70, respectively. Zhang

et al. @15# have suggested single particle parameter s
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3142 56M. SAHA SARKAR AND S. SEN
(m, k values! for proton shells N54, 5, and 6 for
A'1202140 regions by searching for the best theoretica
to the experimental bandhead energies. Using theirm, k
values, they achieved a significant improvement in the th
retical fit to the available bandhead energies in odd-pro
nuclei over the entireA'1202140 region. These fits, which
were made over a region defined by 53<Z<63 and
64<N<80, included 28 bandhead energies. The param
sets suggested for the neutrons are more or less the sam
suggested by Nilssonet al. @16#. We have used the paramet
set suggested by Zhang to obtain spherical single par
energies.

Baranger and Kumar~BK! @7# did an extensive work to
choose the parameters of the pairing-plus-quadrupole m
as realistically as possible in the mass regionA51382208
with Z556282. But we have not come across any su
study for the mass regionA51202140 withZ552258. BK
have suggested some closed expressions for the quadr
force strength as a function of mass number, which sho
give ‘‘an excellent description of the overall variation ofx
across many shells,’’ but ‘‘the variation inside each ind
vidual shell can be expected to be considerably slower t
this.’’ Their final suggestion is to determine the forc
strength by fitting the data. Regarding the choice of pair
force strength, they could not suggest any reliable way
predicting the strengths as they did for quadrupole fo
strengths. But in their calculations the values ofGp andGn
were determined by fitting the proton and neutron odd-e
mass differences.

We have determined the proton and neutron pairing (Gp ,
Gn) and quadrupole deformation strength (x2) parameters
by reproducing the ground state band properties of a
nuclei in this region~see set A in Table I!. We have consid-
ered the following points for choosing a reasonable se
parameters.

~i! Previous calculations suggest that the first band cro
ing in the yrast spectra of122,124Xe is due to the alignment o
a pair of neutrons in theh11/2 orbitals. The same is repro
duced in the CHFB calculation.

~ii ! We have tried to reproduce quite accurately the
perimental energies of the yrast band of these nuclei, nam
122,124Xe and 126Ce.

~iii ! The magnetic moments have been measured for
I 15101 and 121 states of a close lying~with respect to the
ground band! sideband in126Ce @17#. This sideband origi-

TABLE I. Different parameter sets used in the present calcu
tions.

Set s.p.e.a Gp Gn x2 Comments

A Zhang 28.0 24.0 78.0 General set — reproduc
average behaviour

B Zhang 26.0 24.0 78.0 N576, best for 56
132B

C Nil 28.0 24.0 78.0 -
D Zhang 26.0 22.0 78.0 N574, best for 56

130Ba
E Zhang 26.0 24.0 75.0 for 56

1422146Ba
F Nil 26.0 24.0 75.0 for 56

1422146Ba
G Zhang 28.0 24.0 75.0 for 56

1422148Ba

aSingle particle energies: Zhang from Ref.@15# and Nil from Ref.
@16#.
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nates at a spin value of 101. From the measuredg factors,
this band has been identified as a two quasiproton ban
ph11/2 protons. From the difference in energies betwee
yrast and yrare state of same spin it is expected that
sideband will cross the ground band and will be the yrast
at a spin value of.181. So unlike the Xe nuclei considere
in the present work, this isotope of Ce should show a pro
band crossing. We have tried to reproduce this feature.

With all these constraints, the parameter sets listed be
are chosen. The pairing and quadrupole force constants
given by

Gp528/A MeV, Gn524/A MeV, x2578A21.4 MeV,

and x4574A21.4 MeV ~chosen rather arbitrarily!.

We have not included the hexadecapole term in our c
culations, except for generating the energy surfaces for
134Ce isotope, which will be discussed later in detail. W
have not made any adjustment of the strengths of the resi
interactions (Gp , Gn , x2) from Te to Ce, except for some
neutron numbers, which will be specified later~Table I!.

III. RESULTS

The calculated yrast spectra of the122Xe, 124Xe @3#, and
126Ce nuclei and the variation of deformation, pairing gapg
factor, etc. with spin are listed in Table II. The experimen
g factors are taken from the compilation of Raghavan@17#.

The results for other isotopes where only 01 and 21

states are calculated are tabulated in Table III. The res
show that though there is a overall agreement with the g
eral trend of experimental deformations,g factors,E2

1 ener-
gies, and pairing gaps, exact agreement with the experim
tal numbers is sometimes missing, especially for isoto
having smaller deformations. This feature is not very unus
whenever the same parameter set is used over a wide re
@10#. The ratiosgI /g2, instead of the absolute value,gI ,
were compared with experimental data in an earlier calcu
tion @10#. The excitation energies also were deduced by n
malizing the calculatedE2

1 energies with the experimenta
ones.

For isotopes of Ce, the results for yrast states from 01 to
61 are shown in Table IV.

We will discuss separately the results for the three i
topes,122,124Xe and 126Ce in the first subsection. In the fol
lowing subsections the results for the different isotop
chains will be discussed one by one.

A. 54
122,124Xe and 58

126Ce

~i! Some detailed features of the experimental data, e
the backbend observed in124Xe is much sharper than tha
observed in122Xe, are reproduced in the CHFB calculatio
~Table II!.

~ii ! In 124Xe theb2 deformation increases from'0.23~at
01) to '0.25 ~at I p541), then starts decreasing an
reaches a value of'0.21 atI p5101. For 126Ce it shows a
steady increase~from 0.32 at 01 to 0.34 at 61), a region of
stability ~0.34 from 61 to 101) and slight decrease at 121 to
0.33. For 122Xe, b2 increases from 0.27 to 0.30 from 01 to
61, then stabilizes at a smaller value of 0.29. This shows t
124Xe is comparatively softer with respect to theb2 value

-



I.
r

0
8
1
9
6

0
1
1
0
9

0
7
5
1
4
9

56 3143CRANKED HARTREE-FOCK-BOGOLIUBOV . . .
TABLE II. Results of CHFB calculations for122,124Xe and 126Ce obtained with parameter set A, Table
EnergyE(I ), angular frequencyv, and pairing gapsDp andDn are all quoted in MeV. Triaxiality paramete
g is in degrees.

E(I ) Calculated
Isotope I Calc. Expt.a v b2 g Dp Dn gI gI /g2

54
122Xe 0 0.0 0.0 0.0 0.27 0.0 1.298 1.371 - -

2 0.320 0.331 0.239 0.28 0.74 1.272 1.293 0.31 1.0
4 0.908 0.828 0.330 0.29 1.28 1.244 1.154 0.24 0.7
6 1.605 1.467 0.361 0.30 1.51 1.231 1.013 0.16 0.5
8 2.344 2.217 0.377 0.29 1.74 1.223 0.889 0.09 0.2
10 3.098 3.039 0.394 0.29 2.13 1.213 0.796 0.05 0.1

124Xe 0 0.0 0.0 0.0 0.23 0.0 1.271 1.448 - -
2 0.396 0.354 0.286 0.25 1.52 1.216 1.353 0.35 1.0
4 1.090 0.879 0.380 0.26 2.66 1.163 1.238 0.29 0.8
6 1.879 1.549 0.385 0.24 3.97 1.153 1.162 0.14 0.4
8 2.668 2.331 0.368 0.23 5.89 1.168 1.103 0.04 0.1
10 3.327 3.172 0.344 0.21 10.22 1.197 1.072 -0.03 -0.0

58
126Ce 0 0.0 0.0 0.0 0.32 0.0 1.446 1.175 - -

2 0.236 0.170 0.183 0.32 0.31 1.417 1.126 0.34 1.0
4 0.711 0.519 0.278 0.33 0.69 1.364 1.037 0.33 0.9
6 1.317 1.015 0.320 0.34 0.84 1.281 0.960 0.39 1.1
8 1.956 1.625 0.305 0.34 0.41 1.091 0.987 0.65 1.9
10 2.537 2.313 0.275 0.34 -0.27 0.848 1.032 0.83 2.4
12 3.084 2.991 0.281 0.33 -0.94 0.629 1.028 0.88 2.5

aExperimental energies are taken from@23–25#.
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compared to the other nuclei considered~Table II!.
~iii ! The nucleus124Xe is significantlyg soft, i.e., the

nonaxial deformation varies rapidly with spin. In th
nucleus, theg value increases from 0°~at 01) to 10° ~at
101), whereas for122Xe it varies from 0° to 2° in the sam
spin range. In126Ceg increases from 0° to 0.84° at spin 61,
and then starts decreasing to20.94° at 121, signifying non-
collective type of excitation.

~iv! This feature of the excitation mechanism in126Ce as
evidenced through the negativeg value is also confirmed
from the sudden large increase in theg-factor value from
0.39~at 61) to 0.88~at 121) in this spin range. In122, 124Xe,
the g factors decrease sharply indicating neutron alignme
whereas, for126Ce, sharp increase in these values indica
proton alignment.

~v! Though126Ce shows proton alignment with increasin
spin as expected from the experimental data, the calculat
predict a proton band crossing for this nucleus nearI p 581,
much earlier than the experimental trend. But this featur
not totally unexpected in a CHFB calculation using mon
pole pairing plus quadrupole interaction. It has been alre
pointed out by previous workers@18# that inclusion of only a
monopole pairing term in the PPQ Hamiltonian may be p
tially responsible for the early backbending.

B. 52
120,122Te68,70

Tellurium isotopes have only two protons aboveN550
proton shell closure. So they are expected to show devia
from collective behavior earlier~with respect to the numbe
of neutrons, as it approachesN582 shell closure! than the
t,
s

ns

is
-
y

-

n

neighboring nuclei (54Xe, 56Ba, or 58Ce!. The results show a
reasonable agreement with the experimental data. But
decreasing trend in the 21 state g-factor value from the
N568 to N570 isotope is not reproduced theoretically.

C. 54
1222132Xe68278

Experimental data available in these nuclei show t
ground state quadrupole deformation decreases with neu
number fromN570 to 76. ForN568, the deformation is
smaller thanN570. TheN568, 122Xe isotope has a defor
mation of 0.231~10! @19#, with R4(5E4 /E2), 52.50 which
is also a good indicator of collectivity. But the measur
deformation of theN570, 124Xe isotope is 0.264~8!, with
the R4 value52.48. We have considered theR4 data to be
more reliable and thus expect122Xe to have same order o
deformation as124Xe.

All these nuclei, except122Xe, have their 21
1 stateg fac-

tor measured, and the experimental values show an incr
ing trend with increasing neutron number. The calcula
results are compared with their corresponding experime
values in Table III. The systematics of theoreticalg factors
in 1222128Xe shows an increasing trend similar to the expe
mental one. Absolute values agree within the experime
error except for that in124Xe. The deformations and pairin
gaps also agree reasonably. The self-consistently determ
ground state deformation of128Xe comes out to be signifi-
cantly smaller than its corresponding experimental val
But unlike the other two isotopes, the deformation increa
for the 21 state andb2(21) agrees reasonably well with
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TABLE III. Results of CHFB calculations for different isotopes of Te, Xe, and Ba isotopes forI p501

and 21 states with various choices of parameters. Numbers quoted in squared brackets@ # are experimental
values with errors quoted in parentheses~ !. In the column forE(I ), the energies are with respect to the 01

state. The absolute value of the energy of 01 state is quoted within brackets in MeV. See also the caption
Table II.

Nucl.
Parameter

set I v E(I ) b2 g Dp Dn gI

52
120Te A 0 0.0 0.0~-192.525! 0.221 0.0 1.166 1.564 -

@0.202~21!# @1.277# @1.427#
2 0.276 0.406 0.252 1.089 1.112 1.441 0.40

@0.560# @10.39~7!#

122Te A 0 0.0 0.0~-191.515! 0.115 0.0 1.158 1.751 -
@0.1848~8!# @1.330# @1.378#

2 0.353 0.720 0.190 3.483 0.989 1.535 0.45
@0.564# @10.33~2!#

54
122Xe A 0 0.0 0.0~-200.504! 0.274 0.0 1.298 1.371 -

@0.231~10!# @1.540# @1.479#
2 0.239 0.320 0.284 0.738 1.272 1.293 0.31

@0.331# @ - #

124Xe A 0 0.0 0.0~-198.954! 0.230 0.0 1.271 1.448 -
@0.264~8!# @1.344# @1.386#

2 0.286 0.395 0.246 1.523 1.215 1.354 0.35
@0.354# @10.23~2!#

126Xe A 0 0.0 0.0~-196.757! 0.202 0.0 1.247 1.420 -
@0.1881~30!# @1.311# @1.313#

2 0.332 0.462 0.205 4.427 1.184 1.374 0.40
@0.389# @10.37~7!#

128Xe A 0 0.0 0.0~-194.129! 0.127 0.0 1.363 1.504 -
crude @0.1837~49!# @1.328# @1.269#
limit 2 0.340 0.676 0.180 4.460 1.155 1.304 0.40

@0.443# @10.41~7!#

128Xe A 0 0.0 0.0~-194.135! 0.114 0.0 1.390 1.535 -
finer @0.1837~49!# @1.328# @1.269#
limit 2 0.336 0.647 0.147 24.91 1.297 1.380 0.14

@0.443# @10.41~7!#

130Xe A 0 0.0 0.0~-191.231! 0.034 0.0 1.445 1.513 -
@0.169~6!# @1.260# @1.513#

2 0.338 0.905 0.106 21.905 1.344 1.194 -0.02
@0.538# @10.38~7!#

132Xe A 0 0.0 0.0~-187.901! 0.010 0.0 1.421 1.326 -
@0.1409~46!# @1.190# @1.202#

130Xe B 0 0.0 0.0~-190.575! 0.030 0.0 1.276 1.517 -
@0.169~6!# @1.260# @1.513#

124Xe C 0 0.0 0.0~-220.301! 0.227 0.0 1.395 1.427 -
@0.264~8!# @1.344# @1.386#

2 0.299 0.423 0.245 1.511 1.353 1.325 0.30
@0.354# @10.23~2!#
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TABLE III. (Continued).

Nucl.
Parameter

set I v E(I ) b2 g Dp Dn gI

126Xe C 0 0.0 0.0~-218.312! 0.170 0.0 1.413 1.472 -
@0.1881~30!# @1.311# @1.313#

2 0.372 0.588 0.193 5.627 1.328 1.350 0.30
@0.389# @10.37~7!#

56
130Ba A 0 0.0 0.0~-200.161! 0.179 0.0 1.413 1.351 -

@0.230~12!# @1.346# @1.338#
2 0.340 0.506 0.193 7.117 1.334 1.251 0.32

@0.357# @10.35~3!#

132Ba A 0 0.0 0.0~-196.816! 0.101 0.0 1.545 1.390 -
@0.186~6!# @1.358# @1.231#

2 0.331 0.808 0.135 26.549 1.470 1.212 0.04
@0.465# @10.34~3!#

134Ba A 0 0.0 0.0~-193.442! 0.019 0.0 1.601 1.291 -
@ - # @1.313# @1.195#

136Ba A 0 0.0 0.0~-189.576! 0.005 0.0 1.571 0.984 -
@ - # @1.180# @1.085#

142Ba A 0 0.0 0.0~-239.353! 0.025 0.0 1.469 1.354 -
@0.157~6!# @1.218# @0.906#

2 0.378 1.046 0.082 -3.503 1.402 1.182 0.037
@0.359# @10.426~48!#

144Ba A 0 0.0 0.0~-249.458! 0.210 0.0 1.094 1.298 -
@0.193~6!# @1.202# @0.815#

2 0.223 0.345 0.238 0.369 1.004 1.244 0.38
@0.199# @10.34~5!#

146Ba A 0 0.0 0.0~-261.073! 0.373 0.0 0.986 0.921 -
@0.218~8!# @ - # @ - #

2 0.079 0.081 0.392 0.026 0.962 0.806 0.22
@0.181# @10.28~7!#

130Ba B 0 0.0 0.0~-199.562! 0.182 0.0 1.183 1.356 -
@0.230~12!# @1.346# @1.338#

2 0.295 0.427 0.199 9.878 1.078 1.265 0.44
@0.357# @10.35~3!#

132Ba B 0 0.0 0.0~-196.072! 0.114 0.0 1.322 1.377 -
@0.186~6!# @1.358# @1.231#

2 0.337 0.550 0.151 24.378 1.202 1.210 0.31
@0.465# @10.34~3!#

142Ba B 0 0.0 0.0~-238.600! 0.0315 0.0 1.293 1.351 -
@0.157~6!# @1.218# @0.906#

2 0.363 0.926 0.124 3.663 1.088 1.149 0.286
@0.359# @10.426~48!#

144Ba B 0 0.0 0.0~-249.058! 0.199 0.0 0.924 1.318 -
@0.193~6!# @1.202# @0.815#

2 0.165 0.246 0.268 0.265 0.731 1.221 0.42
@0.199# @10.34~5!#
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TABLE III. (Continued).

Nucl.
Parameter

set I v E(I ) b2 g Dp Dn gI

146Ba B 0 0.0 0.0~-260.744! 0.370 0.0 0.808 0.936 -
@0.218~8!# @ - # @ - #

2 0.074 0.057 0.394 0.026 0.791 0.805 0.28
@0.181# @10.28~7!#

130Ba D 0 0.0 0.0~-198.868! 0.196 0.0 1.146 1.046 -
@0.230~12!# @1.346# @1.338#

2 0.247 0.345 0.205 3.651 1.074 0.957 0.32
@0.357# @10.35~3!#

132Ba D 0 0.0 0.0~-195.341! 0.139 0.0 1.262 1.086 -
@0.186~6!# @1.358# @1.231#

2 0.282 0.391 0.166 20.884 1.164 0.917 0.29
@0.465# @10.34~3!#

142Ba D 0 0.0 0.0~-237.738! 0.0748 0.0 1.243 1.107 -
@0.157~6!# @1.218# @0.906#

2 0.292 0.626 0.135 3.508 1.080 0.909 0.223
@0.359# @10.426~48!#

142Ba E 0 0.0 0.0~-238.592! 0.0266 0.0 1.295 1.352 -
@0.157~6!# @1.218# @0.906#

2 0.363 1.022 0.115 3.798 1.091 1.150 0.316
@0.359# @10.426~48!#

144Ba E 0 0.0 0.0~-248.511! 0.163 0.0 1.004 1.357 -
@0.193~6!# @1.202# @0.815#

2 0.275 0.421 0.183 1.524 0.867 1.291 0.54
@0.199# @10.34~5!#

146Ba E 0 0.0 0.0~-258.921! 0.285 0.0 0.728 1.239 -
@0.218~8!# @ - # @ - #

2 0.152 0.162 0.271 0.224 0.697 1.264 0.41
@0.181# @10.28~7!#

144Ba F 0 0.0 0.0~-258.637! 0.159 0.0 1.134 1.432 -
@0.193~6!# @1.202# @0.815#

2 0.273 0.472 0.202 1.712 1.003 1.335 0.44
@0.199# @10.34~5!#

146Ba F 0 0.0 0.0~-269.361! 0.367 0.0 0.904 0.927 -
@0.218~8!# @ - # @ - #

2 0.083 0.104 0.368 0.051 0.897 0.903 0.28
@0.181# @10.28~7!#
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experimental ground state deformationb2(01). The corre-
sponding value ofg(21) is small (.4°). Forcrude limits of
iteration this configuration comes out as a minimum ene
configuration, with angular momentum value at 2.30 inste
of 2.44. Theg-factor value for the 21 state (.0.40) also
agrees with experiment (.0.41) quite reasonably for thi
limit. But in the finer limit of iteration, the energy is mini
mized for a triaxial shape withg value'25° with a gain of
6 keV energy compared to the minimum atg50°. The
g-factor value (.0.14) also deviates largely from the expe
y
d

mental number. The theoretical 21 state energies@20#, for
these three isotopes are systematically larger than the ex
mental values.

The change in the ground state structure of these nu
with neutron number is clearly seen in the energy cont
plots for 124Xe and 128Xe nuclei in Figs. 1 and 2. For124Xe,
there is single distinct prolate minimum along theb2 axis at
a value of.0.26 with g value .0.0. The energy contour
for 128Xe on the other hand are essentiallyg independent,
which in effect predicts ag-soft behavior for this nucleus
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TABLE IV. Results for various isotopes of Ce forI p5 01 to 61. Also see the captions of the previou
tables.

Nucl. Parameter I v E(I ) b2 g Dp Dn gI

set

58
132Ce A 0 0.0 0.0~-205.316! 0.198 0.0 1.503 1.279 -

@0.257~10!# @1.316# @1.140#
2 0.321 0.465 0.208 4.817 1.453 1.191 0.31

@0.325#
4 0.359 1.161 0.212 10.15 1.435 1.055 0.16
6 0.338 1.863 0.204 17.27 1.467 0.934 0.02

134Ce A 0a 0.0 0.0~-201.743! 0.134 1.375 1.596 1.298 -
@0.194~8!# @1.363# @1.171#

0 a 0.0 0.0 0.133 0.0 1.597 1.299 -
2 b 0.342 0.587 0.165 20.44 1.529 1.137 0.20

@0.409#
2 b 0.382 0.730 0.157 2.302 1.521 1.166 0.15
4 0.309 1.216 0.148 30.02 1.574 1.046 -0.04
6 0.223 1.673 0.124 64.21 1.653 1.027 -0.17

146Ce A 0 0.0 0.0~-254.321! 0.322 0.0 1.082 1.046 -
@0.174~12!# @1.178# @1.056#

2 0.120 0.155 0.324 0.147 1.070 1.020 0.28
@0.258# @10.24~5!#

4 0.176 0.459 0.334 0.327 1.034 0.925 0.25
6 0.190 0.827 0.339 0.329 1.018 0.807 0.17

148Ce A 0.0 0.0~-266.399! 0.394 0.0 0.988 0.816 -
@0.246~10!# @1.102# @0.795#

2 0.075 0.088 0.397 0.020 0.975 0.779 0.25
@0.159# @10.37~6!#

4 0.119 0.270 0.409 0.052 0.932 0.687 0.25
6 0.154 0.545 0.410 0.087 0.909 0.608 0.23

146Ce G 0 0.0 0.0~-253.604! 0.164 0.0 1.322 1.324 -
@0.174~12!# @1.178# @1.056#

2 0.309 0.501 0.188 2.003 1.246 1.230 0.33
@0.258# @10.24~5!#

4 0.302 1.109 0.195 0.541 1.230 1.139 0.12
6 0.290 1.688 0.202 -0.83 1.220 1.055 0.03

148Ce G 0 0.0 0.0~-264.103! 0.343 0.0 1.026 0.967 -
@0.246~10!# @1.102# @0.795#

2 0.100 0.117 0.337 0.080 1.026 0.992 0.26
@0.159# @10.37~6!#

4 0.118 0.534 0.380 0.059 0.940 0.692 0.23
6 0.154 0.856 0.382 0.101 0.918 0.608 0.20

146Ce F 0 0.0 0.0~-253.008! 0.168 0.0 1.118 1.329 -
@0.174~12!# @1.178# @1.056#

2 0.276 0.402 0.196 1.536 1.015 1.236 0.45
@0.258# @10.24~5!#

4 0.294 1.044 0.211 0.968 0.972 1.151 0.27
6 0.279 1.552 0.224 -0.02 0.953 1.074 0.16

148Ce F 0 0.0 0.0~-264.753! 0.337 0.0 0.842 1.022 -
@0.246~10!# @1.102# @0.795#

2 0.091 0.117 0.341 0.076 0.822 0.983 0.33
@0.159# @10.37~6!#

4 0.139 0.354 0.349 0.171 0.781 0.895 0.34
6 0.164 0.663 0.356 0.239 0.726 0.795 0.36

a,bTwo different minima obtained depending on the initial choices ofb2 andg.
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The energy contour plot of128Xe thus explains the extrem
sensitivity of the results~specially theg values! to the limits
of iterations.

For theN576, 78 Xe isotopes, i.e.,130,132Xe, this set of
parameters fail completely. The ground state deformati
come out to be almost zero. ForN576, the 21 state defor-
mation increases to 0.10, showing a large triaxia
(g.22°), and a strong neutron alignment, showing a ne
tive g factor. TheN578 isotope loses collectivity and come
closer to complete sphericity. These nuclei have only 2 o
neutrons less than a complete shell closure. Moreover, xe
(Z554) nuclei have only 4 valence protons above theZ550
shell closure, although the number of unoccupied states
quite large for them.

The parameter set chosen reproduces the pairing gaps
sonably for 124Xe, with slightly smaller value forDp . For
122Xe experimental pair gaps are somewhat larger than
theoretical values. We have compared the values in Table
For heavier masses, the calculated proton pairing gaps
consistently larger than the theoretical values. The130Xe iso-
tope shows an extremely strong neutron alignment atI 521,
unlike the experimental situation. To retard the neutr
alignment for this isotope and to see its effect on the ca
lated spectra, we could have either reduced theGp value or
increased the value ofGn . To have an idea about the effe
of such a retardation we have only reducedGp to 26.0~Table

FIG. 1. Energy contour plot in theb2-g space for124Xe. The
energy~in keV!, relative to the minimum, corresponding to ea
contour line is marked in the figure.
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III !. The proton pairing gap decreases as expected, bu
deformation also decreases. So there is no overall impro
ment in the results.

Keeping the potential parameter set fixed, we th
changed the set of spherical single particle energies~s.p.e.! to
those suggested by Nilsson@16#. But this set of s.p.e. doe
not reproduce the increasing trend ofg factors from124Xe to
126Xe ~Table III!. We have not varied the parameter se
(Gp , Gn , etc.! to have a better fit with the Nilsson set o
single particle energies. Rather we decided to stick to
Zhang set of single particle energies, which is more reali
for predicting the bandhead energies in this mass region

D. 56
1302136, 1422146Ba74280, 86290

The results are shown in Table III. Theg-factor data,
neutron pairing gap for130Ba is reproduced reasonably
though the values of deformation~excitation energy! are
smaller~larger! than experimental values. The proton pairin
gap is larger than that obtained from the odd-even mass
ference. ForN576 132Ba nucleus, theg-factor value is ab-
normally low, deformation is smaller than the experimen
value, the proton pairing gap is quite big compared to
odd-even~o-e! mass difference. For134,136Ba the neutron
numbers are 78 and 80, respectively, very close to the s
closure atN582. As a result the deformation comes out

FIG. 2. Energy contour plot in theb2-g space for128Xe. The
energy~in keV!, relative to the minimum, corresponding to ea
contour line is marked in the figure.
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be almost zero at the ground state and the model fail
predict the properties of higher spin states by iteration. So
have excluded these two nuclei from our calculations. T
properties of second set of Ba nuclei withA51422146 and
N586290 have been calculated with the neutron valen
shells,N55 and 6 withNcore570. The initial set of calcula-
tions with the standard set of parameters used so far yi
energy values largely off from the experimental numbe
The deformation and pairing gaps are also not reprodu
properly. Theg-factor values on the other hand for th
A5144,146 nuclei are reproduced quite reasonably.

The general trend in all these Ba nuclei indicate that
parameter values need some modifications. The observa
can be summarized as follows.

The proton pairing gaps are consistently larger than
experimental o-e mass differences except for144Ba and for
146Ba, for which the o-e mass difference is not calcula
due to lack of experimental data.

The deformation values are smaller than the experime
b2 values for the lower masses but exceeds them for hig
masses (A5144,146!.

Theg-factor values are smaller than the experimental d
for all the isotopes exceptA5144.

The neutron pairing gaps are also larger than those
duced from the o-e mass differences.

Thus both the proton and neutron pairing strengths n
adjustments. The proton pairing strength was adjusted firs
was reduced to have better agreement with the pairing
and g-factor data. Reduced proton pairing strength is
pected to lead to an increasedg-factor value because of be
ter proton alignment. So the next set of calculation is p
formed withGp reduced to 26 and keeping other paramet
unaltered. Theg factor of the 101 state of132Ba, calculated
with this parameter set~set B, Table I! comes out to be
20.18, whereas the measured value is20.159~5! @11#. An-
other attempt was made withGp equal to 26 andGn equal to
22 ~set D, Table I!. At least for 130Ba, this set seems to be th
best.

The calculations for higher mass isotopes (1422146Ba!
have been repeated withGp5 26,Gn 5 24 andx2 5 75 ~set
E, Table I! and the combination has also been repeated w
the Nilsson set of spherical single particle energies~set F,
Table I!. The results are shown in Table III.

E. 58
126, 132,134, 146,148Ce68,74,76,88,90

The results are shown in Table IV. Theg-factor data,
proton, neutron pairing gaps, and deformations are sh
there for different sets of parameter values for 01 to 61 state
of these isotopes. The126Ce nucleus shows a proton align
ment which agrees with the experimental findings as alre
discussed. The results are self-explanatory from Table
For the 134Ce isotope, the final value of nonaxiality shows
strong dependence~Table IV! on the choice of input value o
g deformation. The energy remains more or less cons
over a large range ofg values for the 01 state. Two such
results for the 01 state have been mentioned in Table IV. F
the 21 also, the minimum energy configuration with respe
to theg degree of freedom differs drastically~as shown by
two different minimum energy configurations for 21 state in
Table IV, whereg values are'2° and 20°) depending on
to
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the initial conditions. These two configurations differ by on
. 100 keV. As a result theg value at the final minimum
obtained for each spin state is a sensitive function of
input g value. This feature has been clearly expressed in
total energy contours drawn for ground state (b4 50.0 in
Fig. 3!. The contours are parallel to theg axis, and thus are
independent of theg value. So there is no way of predictin
the best value ofg.

To see the effect of hexadecapole degrees of freedomb4
deformation!, we started with the full Hamiltonian~4! with
x4 value as mentioned before. The other parameters are
same as set C of Table I. The input values ofb2, g and
pairing gaps were chosen corresponding to the earlier m
mum (Emin52224.606 MeV! without the hexadecapole
term. They are

b250.1293, g50.0, Dp51.69513 MeV,

and Dn51.26405 MeV.

The self-consistently calculated values of the potential
rameters corresponding to the new minimum with a hexa
capole term in the Hamiltonian are

b250.1299, g50.0, Dp51.69599 MeV,

and Dn51.25629 MeV,

with b4520.005.

The energy corresponding to this minimum is2224.611
MeV. So the gain in the total binding energy is extreme
small. The sign of the self-consistent value ofb4 determined
agrees with the sign predicted by Mo¨ller et al. @21# (b45
20.023!. The magnitude does not agree. Thex4 value may
have to be increased to have a good agreement.

It was pointed out by Ragnarssonet al. @22# that the effect
of the b4 term is to favor the prolate shape compared to
oblate one. We therefore introduced constantb4 values in
the Hamiltonian to see its effect on the energy surfaces.
variation with the change in the absolute value and the s
of b4 is shown in Fig. 3. In the figure withb4
50.03, the energy contours have already started to sho
small deviation from the flat contours of the figure whe
b450.0. With an increase inb4 value ~50.09! a definite
prolate minimum has developed aroundb2.0.10. Finally,
for b4520.09, the change in the sign ofb4 has resulted in
a g soft minimum aboutb2.0.13.

IV. DISCUSSIONS

The equilibrium deformation for the ground state in T
Xe, Ba, and Ce nuclei has been systematically studied in
work. Some of our important observations may be summ
rized as follows: In each isotonic chain the quadrupole
formation increases with increasingZ. On the other hand, in
each isotopic chain, the deformation (b2) decreases with in-
creasing neutron number. The triaxiality (g) increases with
increasing neutron number showing a change of shape f
prolate to triaxial to oblate. Bothb2 andg eventually reduce
to zero which correspond to a spherical shape near theN582
shell closure~Tables III and IV!.



3150 56M. SAHA SARKAR AND S. SEN
FIG. 3. Energy contour plots in theb2-g space for134Ce with and without hexadecapole deformation. The values ofb4 chosen are
marked in the figures. The energy~in keV!, relative to the minimum, corresponding to each contour line is also marked.
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The increase in deformation in isotonic chains can be
lated to the increasing proton occupation of the deforma
driving low V ph11/2 orbitals. Similarly with increasing neu
tron number, more and more high-V nh11/2 orbitals will be
occupied leading to smaller and smaller deformation. It
also noticed that in all the isotopes, the lowest (nh11/2) con-
figuration becomes oblate only forN576.
-
n

s

V. CONCLUSION

On the basis of a comparative study of the results of
present work with those of earlier theoretical and experim
tal investigations in this region as well as in other mass
gions, the following conclusions may be drawn.

A reasonable fit to the ground state properties and to
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observedg-I variations in this transitional region can be o
tained in a simple version of the CHFB calculation usi
proper values of the monopole pairing and the quadrup
quadrupole interaction strength parameters along with
spherical single particle energies prescribed by Zhanget al.

A weak hexadecapole term~resulting in a small value o
b4) introduced in the calculation has been seen to reduce
gamma softness of the nuclei in this mass region. This e
term introduces a very small increase in the depth of
energy minimum. So theoretically it is very difficult to pre
dict whether these nuclei have hexadecapole deformatio
they are soft towards triaxial deformation.

The present work also suggests that the following theo
ical and experimental investigations would lead to a be
understanding of the nuclear structure of this mass regio

Experimental data on theg factors of high spin states ar
not available in almost all the nuclei in this mass region. T
g-factor data are essential to properly understand and in
tigate the intricacies of nuclear structure in a particular m
region.
sk

T
N

a
n,

a
S

a,
e-
e

he
ra
e

or

t-
r

.

e
s-
s

More experimental information about the hexadecap
deformation as well as the triaxiality of these nuclei are
sential to understand these nuclei more deeply. This infor
tion will help to actually decide whether the quadrupo
quadrupole interaction term in the Hamiltonian is adequ
for the description of these nuclei.

The nuclei with neutron numbers 78–82 need some s
cial attention. Their structure is almost spherical. They ha
only noncollective shell model states in their low excitati
spectra. This type of structure needs some special effort t
explained by this version of the CHFB model. Study of su
nuclei using the CHFB formalism will be a very interestin
problem.
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