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E2 transition and QJ1 systematics of even mass xenon nuclei

Rani Devi, S. P. Sarswat, Arun Bharti, and S. K. Khosa
Department of Physics, Jammu University, Jammu, 180004, India

~Received 31 July 1996; revised manuscript received 13 January 1997!

The yrast spectra withJmax
p 5101,B(E2) transition probabilities andQJ1 values are calculated for even-

even xenon isotopes by carrying out variation-after-projection calculations in conjunction with a Hartree-Fock-
Bogoliubov~HFB! ansatz employing a pairing-plus-quadrupole-quadrupole effective interaction operating in a
reasonably large valence space outside the100Sn core. Our calculations reveal that the systematics of low-lying
yrast states in these isotopes are intricately linked with the manner in which neutrons tend to occupy the
various valence orbits. The results onB(E2) transition probabilities predict a dip in the isotopes
114,116,120,124,128Xe, which might be construed to imply different structures for114,116,120,124,128Xe as compared
to their neighbors. Besides this, our results also reveal that both the HFB technique and the quadrupole-
quadrupole-plus-pairing model of the two-body interaction are fairly reliable in this mass region.
@S0556-2813~97!04604-9#

PACS number~s!: 21.10.Ky, 21.60.Jz, 27.60.1j
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I. INTRODUCTION

The ground state properties of even-even Xe isoto
have been the subject of experimental studies@1–9# involv-
ing in-beamg-ray spectroscopy. The principal features of t
nuclear structure of these nuclides appear to vary smoo
over a large range of neutron number. With four proto
beyond the closed shell atZ550, these nuclides are too com
plex for shell model calculations without the severest
proximations and yet not so deformed as to be conside
among the classical prolate rotors such as168Er.

An interesting feature of the observed yrast spectra is
systematic variation ofE2

1
1,E4

1
1, E6

1
1 excitation energy from

114Xe to 130Xe. It is observed that these states approximat
follow a parabolic type of systematics with a minimum e
ergy for these states occurring at122Xe. It is believed that the
investigation of the level structure of the even-even Xe
clides can yield important information regarding the colle
tive properties of nuclides which cannot be clearly classifi
as either rotational or vibrational.

The level properties of Xe nuclei have been described
a number of methods ranging from a simple variable mom
of inertia approach, in which only the yrast band is cons
ered, to more complex approaches involving collective ex
tation. Among several approaches to the description of
collective states of even-even Xe nuclei, there are so
which tend to derive the collective properties of nuclei in
microscopic way.

The results of a number of such calculations are availa
for Xe nuclei. For example, one has been performed by
hozinskiet al. @10#, and the other by Otsukaet al. @11#. In
the first approach the dynamic calculations have been ca
out using the collective quadrupole Bohr Hamiltonian, whe
the potential energy and the six inertial functions are
tained microscopically. In the second approach the s
model interpretation of the interacting bosons in the intera
ing boson model~IBM ! model provides the microscopic de
scription of the collective states. The results of both mod
obtained with the microscopic input and without free para
550556-2813/97/55~5!/2433~8!/$10.00
s

ly
s

-
d

e

ly

-
-
d

y
nt
-
i-
e
e

le
-

ed
e
-
ll
t-

ls
-

eters, although reflecting general trends, are not in g
agreement with experimental data. It was shown that a
duction of the pairing interaction strength in the approach
Rohozinskiet al. @10# and the renormalization of the boso
energies in the IBM improve remarkably the agreement w
experiment. Recently, Manticaet al. @9# have carried out
IBM2 calculations for a set of nuclei124–128Xe. These cal-
culations are distinguished from previous efforts as they h
many of the parameters constant and permit only slow va
tions in the others. These fits have been made comple
with the IBM2 without recourse to the introduction of eith
triaxiality or particle intruder hole structures. The calcul
tions support the notion that these Xe nuclides are mod
ately deformed at low energy and that deviation from sy
metry only develops at higher rotational frequency.

From the overview of the theoretical work, it is evide
that there is no single microscopic framework that has b
applied uniformly to the entire set of neutron-rich Xe is
topes with a single set of input parameters. It is with th
motivation in mind we plan to carry out a study of low-lyin
yrast spectra in the entire set of Xe isotopic mass chains
suitable microscopic framework. The basic elements of s
a calculational framework, such as the choice of core,
valence space, and two-body residual interaction, have, h
ever, to be made very judiciously. One of the guiding pr
ciples for making this choice is that the quadrupole mome
of the intrinsic states as a function of neutron number sho
exhibit a trend similar to that implied by experimentalE2
transition rates. The deformed Hartree-Fock-Bogoliub
~HFB! state of the nucleus generated by the effective in
action provides a reasonable intrinsic state of the nucle
Therefore the goodness of the effective interaction and c
pleteness of the valence space can be checked by fin
whether it generates intrinsic states whose quadrupole
ments exhibit a trend similar to that implied by experimen
E2 transition rates.

In this paper, we carry out a microscopic study of t
yrast states,B(E2) transition probabilities, andQJ1 values
in the nuclei114–130Xe, by employing the variation after pro
2433 © 1997 The American Physical Society
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2434 55RANI DEVI, S. P. SARSWAT, ARUN BHARTI, AND S. K. KHOSA
jection ~VAP! @12# formalism in conjunction with the HFB
@13# ansatz for the axially symmetric intrinsic wave fun
tions.

In the present variational calculation of the yrast levels
the nuclei 114–130Xe, we have employed the usual pairin
plus-quadrupole-quadrupole effective interaction opera
in a valence space spanned by the 3s1/2, 2d3/2, 2d5/2,
2 f 7/2, 1g7/2, 1h9/2, and 1h11/2 orbits for protons as well as
neutrons. The nucleus100Sn has been considered as a co

II. CALCULATIONAL DETAILS

A. One- and two-body parts of the Hamiltonian

The spherical single-particle energies~SPE’s! that are em-
ployed here are~in MeV! (2d5/2)50.0, (3s1/2)51.4,
(2d3/2)52.0, (1g7/2)54.0, (1h11/2)56.5, (2 f 7/2)512.0,
and (1h9/2)512.5. This set of input SPE’s for the stat
2d5/2, 3s1/2, 2d3/2, 1g7/2, and 1h11/2 are nearly the same a
that employed by Vergados and Kuo@14# as well as Feder-
man et al. @15# except that the energy of 1h11/2 has been
increased by about 1.5 MeV. The energy gap between
2 f 7/2 and 1h11/2 orbits was calculated to be about 0.45\v
from the Nilsson diagram, published in the book by Pal@16#.
By taking\v'8.5 MeV @17# in this mass region, the energ
gap works out to be 3.82 MeV. The energy gap used by u
5.5 MeV. This gap between the energy states had to be
creased to reproduce shell closure forN582 as observed in
134Te. In the case where this gap is reduced, the calculat
reveal that134Te is quasideformed, which is contrary to wh
is observed experimentally. Therefore the SPE’s of 1h11/2,
2 f 7/2, and 1h9/2 orbits were adjusted to reproduce shell c
sures forN582 for 134Te.

The two-body effective interaction that has been e
ployed is of ‘‘pairing-plus-quadrupole-quadrupole (q-q)’’
type @18#. The pairing part can be written as

VP52~G/4!(
ab

SaSbaa
†aā

†ab̄ab , ~1!

wherea denotes the quantum numbers (nl jm). The state
ā is the same asa, but with the sign ofm reversed. Here
Sa is the phase factor (21) j2m. The q-q part of the two-
body interaction is given by

Vqq52~x/2! (
abgd

(
m

^auqm
2 ug&^buq2m

2 ud&

3~21!maa
†ab

†adag , ~2!

where the operatorqm
2 is given by

qm
25~16p/5!1/2r 2Ym

2 ~U,F!. ~3!

The strengths for the like-particle neutron-neutron (n-n),
proton-proton (p-p), and neutron-proton (n-p) components
of the quadrupole-quadrupole (q-q) interaction were taken
as

xnn~5xpp!520.0122 MeV b24,

xnp520.0230 MeV b24.
g

.

e

is
n-

ns

-

Hereb (5A\/mv) is the oscillator parameter. These valu
for the strengths of theq-q interactions compare favorabl
with the ones suggested by Arima@19# and are very near to
the ones employed in earlier study of deformation system
ics in theA.100 region by Khosaet al. @20#. The strength
for the pairing interaction was fixed through the approxim
relationG518–21/A! at G520.20 MeV.

B. Projection of states of good angular momentum
from axially symmetric HFB intrinsic states

The assumption concerning the axial symmetry of the
trinsic states is consistent with the microscopic calculation
the potential energy surfaces in102Zr by Kumaret al. @21#. It
is found that the minimum of potential energyV(b,g) for
the ground state band occurs atb50.4 andg510° and,
therefore, the effects due to nonaxiality are expected to
small for the yrast levels for nuclei withA'100. In what
follows we give a brief outline of the method of projectin
out the eigenstates ofĴ2 from the axially symmetric intrinsic
states.

The axially symmetric intrinsic HFB state withk5^ Ĵz&
50 can be written as

uF0&5)
im

~Ui
m1Vi

mbim
† bim

†
!u0&, ~4!

where the creation operatorbim
† can be expressed as

bim
† 5(

j
Cji
majm

† , bim
†

5(
j

~21! j2mCji
maj2m

† . ~5!

Here the indexi labels the different orbitals with the sam
^ Ĵz&5m and j labels the spherical single-particle states
the valence space.

The states with good angular momentaJ projected from
the HFB stateuFk& can be written as

uck
J&5Pkk

J uFk&5~2J11!/8p2E Dkk
J ~V!R~V!uFk&dV,

~6!

whereR(V) andDkk
J (V) are the rotational operator and th

rotation matrix, respectively.
The energy of a state with angular momentumJ is given

as

EJ5^F0uHP00
J uF0&/^F0uP00

J uF0&

5

E
0

p

h~u!d00
J ~u!d~cosu!

E
0

p

n~u!d00
J ~u!d~cosu!

. ~7!

Here the overlap integralsh(u) andn(u) are given by
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h~u!5n~u!F(a e~a!raa2~G/4!(
t3a

Sa$ f ~11M !21%aā

t3

3(
b

Sb$~11M !21F%
b̄b

t3
2
1

2 (
t3t38m

~21!mkt3t
38

3(
ag

^auqm
2 ug&rga

t3 (
bd

^buq2m
2 ud&rdb

t38 G , ~8!

n~u!5$det@11M ~u!#%1/2, ~9!

where

Fab~u!5 (
ma8mb8

d
mama8

ja ~u!d
mbmb8

jb ~u! f jama8 , jbmb8
, ~10!

f ab5(
i
Cja i
maCjb i

mbS Vi
ma

Ui
ma D dma ,2mb

, ~11!

M5F f †, r~u!5M ~u!/@11M ~u!#. ~12!

The yrast energies are calculated as follows. Using the
sults of the HFB calculations—and these are summarize
terms of amplitudes (Ui

m , Vi
m) and the expansion coeffi

cients Ci j
m—we first set up the (50350) f matrix in the

present valence space. ThenF, M , and (I1M )21 are com-
puted for 20 Gaussian quadrature points in the range~0,p/2!.
Finally, the projected energies are calculated employing E
~7!–~9!.
e-
in

s.

It may be mentioned that variational methods quite sim
lar to the ones employed here have been used earlie
Faessler, Lin, and Wittman@22# as well as by Nair and An-
sari @23# in connection with the study of backbending effec
in 158Er. The present calculation, however, employs ex
angular momentum projection in contrast with the techniq
used by Nair and Ansari which used an approximation s
gested by Das Gupta and Van Ginneken@24#.

C. Variation-after-angular-momentum projection method

The calculation of the energies of the yrast levels has b
carried out as follows: First, the self-consistent axially sy
metric HFB solutionsFk50(b), resulting from the Hamil-
tonian (H2bQ0

2), whereb is a parameter, are generate
The optimum intrinsic state for eachJ, Fopt(bJ), has been
selected by determining minimum of the projected energ

EJ~b!5^F~b!uHP00
J uF~b!&/^F~b!uP00

J uF~b!&, ~13!

as a function ofb. In other words, the optimum intrinsic stat
for each yrastJ satisfies the condition

]/]b@^F~b!uHP00
J uF~b!&/^F~b!uP00

J uF~b!&#50.
~14!

D. Electric quadrupole transition matrix element
for the yrast states

The matrix elements of the quadrupole operator betw
the yrast states belonging to different intrinsic states can
given as
^cK
J8~b8!uQ0

2ucK
J ~b!&

5@nJ~b!nJ8~b8!#21/2E
0

p/2

(
m

F J
2m

2
m

J8
0 Gdm0

J ~u!n~b,b8,u!b2F (
t3ab

et3
^auQm

2 ub&rab
t3 ~b,b8,u!Gsin u du, ~15!
e
in

ts of
where

nJ~b!5E
0

p

@det$11F~b,u! f †~b,u!%#1/2d00
J ~u!sin u du,

~16!

n~b,b8,u!5„det$@11F~b,u!# f †~b8,u!%…1/2, ~17!

and

rab
t3 ~b,b8,u!5$M ~b,b8,u!/@11M ~b,b8,u!#%ab

t3 ,
~18!

with

M ~b,b8,u!5F~b,u! f †~b8,u!.
TABLE I. Experimental values of excitation energy of th
E21 state (DE), intrisic quadrupole moments of the HFB states
some doubly even Xe isotopes. Here^Q0

2&p (^Q0
2&n) gives the con-

tribution of the protons~neutrons! to the total intrinsic quadrupole
moment. The quadrupole moments have been computed in uni
b2, whereb (5A\/mv) is the harmonic oscillator parameter.

Xenon
nuclei E21 (MeV) ^Q0

2&HFB ^Q0
2&p ^Q0

2&n

114 0.45 49.70 20.00 29.70
116 0.39 59.47 20.90 38.57
118 0.34 67.24 21.36 45.88
120 0.32 69.48 21.46 48.02
122 0.33 76.75 22.16 54.59
124 0.35 71.01 21.70 49.31
126 0.39 64.21 21.50 42.72
128 0.44 58.41 20.81 37.60
130 0.54 54.82 20.57 34.25
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TABLE II. Subshell occupation numbers~neutrons! in the nuclei 114–130Xe and 134Te showing shell
closure atN582.

Xenon
nuclei
(A)

Subshell occupation number

3s1/2 2d3/2 2d5/2 2 f 7/2 1g9/2 1h9/2 1h11/2

114Xe 0.79 1.84 4.30 0.14 2.07 0.02 0.85
116Xe 0.86 1.87 4.28 0.39 2.50 0.03 2.01
118Xe 0.94 1.89 4.42 0.64 3.03 0.03 3.05
120Xe 1.08 1.95 5.06 0.75 3.57 0.03 3.56
122Xe 1.08 1.95 5.12 0.99 3.85 0.06 4.95
124Xe 1.24 2.11 5.61 0.95 4.81 0.08 5.21
126Xe 1.65 2.81 5.78 0.89 5.26 0.10 5.52
128Xe 1.87 3.47 5.91 0.85 5.80 0.10 5.99
130Xe 1.98 3.89 5.98 0.82 6.34 0.09 6.89
134Te 2.00 4.00 6.00 0.23 8.00 0.10 11.75
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III. RESULTS OF HFB AND VAP CALCULATIONS
ON Xe ISOTOPES

A. Deformation systematics of Xe isotopes

It is well known from Grodzins’s rule@25# thatE21 sys-
tematics bear an inverse correlation to the observedQ21 sys-
tematics. SinceQ21 of a nucleus is directly related to it
intrinsic quadrupole moment, the observed systematics
E21 with A should produce a corresponding inverse syste
atics of intrinsic quadrupole moments of Xe nuclei with i
creasingA. Based upon the above logic, the calculated v
ues of intrinsic quadrupole moments should exhibit
systematic increase as we go from114Xe to 122Xe. Thereaf-
ter, for the set of124–130Xe nuclei, the intrinsic quadrupole
moments should show a decreasing trend. In Table I
results of HFB calculations are presented. Note that the
trinsic quadrupole moments systematically increase for
set of 114–122Xe isotopes. Thereafter the intrinsic quadrupo
moments systematically show a downward trend. For
ample, the^Q0

2& value for 114Xe is 49.7 units and that fo
122Xe is 76.7 units. Besides this, thêQ0

2& value is 54.82
units for 130Xe. Thus the calculated values of^Q0

2& repro-
duce qualitatively the systematics ofE21 state in
114–130Xe. It may be noted from Table II that with the sam
calculational framework and without changing any para
of
-

l-

e
n-
e

-

-

eter the observed shell closure atN582 for 134Te is exactly
reproduced. We have also verified that with the pres
choice of the input parameters and the model of interac
the entire set of Sn isotopes turns out to be nearly spher

We next focus our attention on the factors that are resp
sible for making Xe isotopes to exhibit such features
21

1 states. In Tables II and III, we present the results
occupation probabilities of various neutron and proton s
shells for the ground states calculated from a HFB wa
function generated for114–130Xe isotopes.

A careful examination of proton occupation probabiliti
reveals that the four protons for the entire set of xenon i
topes are spread over nearly four states namely 3s1/2,
2d3/2, 2d5/2, and 1g7/2. Further, in the122Xe isotope, the
(2d3/2)n , and (1g7/2)n orbitals are nearly half filled, wherea
(1h11/2)n orbital has about 4.95 neutrons. It is clear fro
these numbers that except fork55/2 component of
(1h11/2)n orbit, all the downsloping Nilsson orbits are full
occupied, resulting in giving rise to a maximum̂Q0

2& mo-
ment and minimum value of theE21 energy for the122Xe
nucleus. Thus, for the set of114–122Xe nuclei, the systematic
increase in the occupation probabilities of (2d3/2)n ,
(1g7/2)n , and (1h11/2)n orbits is responsible for the system
atic increase of̂Q0

2& moments and systematic decrease
TABLE III. Subshell occupation numbers~protons! in the nuclei114–130Xe and 134Te.

Xenon
nuclei
(A)

Subshell occupation number

3s1/2 2d3/2 2d5/2 2 f 7/2 1g7/2 1h9/2 1h11/2

114Xe 0.55 0.93 1.98 0.00 0.46 0.00 0.08
116Xe 0.56 1.03 1.72 0.00 0.61 0.00 0.07
118Xe 0.57 1.07 1.57 0.00 0.71 0.00 0.07
120Xe 0.57 1.07 1.54 0.00 0.73 0.00 0.07
122Xe 0.59 1.11 1.52 0.00 0.83 0.00 0.06
124Xe 0.58 1.09 1.55 0.00 0.76 0.00 0.02
126Xe 0.57 1.08 1.67 0.00 0.69 0.00 0.02
128Xe 0.56 1.02 1.73 0.00 0.60 0.00 0.08
130Xe 0.55 0.99 1.84 0.00 0.54 0.00 0.06
134Te 0.38 0.13 1.47 0.00 0.01 0.00 0.00
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TABLE IV. Reduced transition probabilities forE2 transitions as well as the static quadrupole mome
for the yrast levels in the nuclei114–130Xe and 92,94Zr. Hereep (en) denote the effective charge for proton
~neutrons!. The empirical relations thatep511Z/A anden5Z/A have been used for obtaining the numeric
values for effective charges for Xe isotopes. For zirconium isotopes, we have used fixed values of e
charges. The entries presented in the third column correspond to the reduced matrix elements result
Eq. ~15!. The reduced matrix elements as well as the static moments have been expressed in a fo
brings out their explicit dependence on the effective charges. The entries presented in the fifth and
columns correspond to the effective charges indicated in the first column. TheB(E2) values are in units of
e2 b2 and static quadrupole moments have been given in units ofe b.

Nucleus
(ep ,en)
1

Transition
(Ji

1→Jf
1)

2
@B(E2;Ji

1→Jf
1)#1/2

3
@Q(Jf

1)#
4

B(E2;Ji
1→Jf

1) Q(Jf
1)

Theory
5

Expt.
6

Theory
7

Expt.
8

114Xe
01→21 0.38ep10.16en 20.29ep20.47en
21→41 0.56ep11.00en 20.39ep20.68en
41→61 0.52ep10.96en 20.44ep20.80en
61→81 0.61ep11.21en 20.47ep20.92en
81→101 0.51ep11.01en 20.49ep20.91en

116Xe
01→21 0.48ep10.86en 20.30ep20.55en
21→41 0.57ep11.04en 20.39ep20.70en
41→61 0.59ep11.10en 20.43ep20.78en
61→81 0.29ep10.60en 20.47ep20.99en
81→101 0.64ep11.45en 20.49ep21.10en

118Xe
~1.45,0.45! 01→21 0.49ep11.05en 20.31ep20.67en 1.40 1.3860.06a 20.75

21→41 0.47ep11.05en 20.41ep20.92en
41→61 0.63ep11.47en 20.46ep21.05en
61→81 0.64ep11.50en 20.48ep21.11en
81→101 0.65ep11.50en 20.50ep21.14en

120Xe
~1.45,0.45! 01→21 0.52ep11.26en 20.33ep20.80en 1.74 1.6960.09a 20.84

21→41 0.39ep10.90en 20.41ep20.96en
41→61 0.61ep11.38en 20.44ep20.99en
61→81 0.62ep11.40en 20.46ep21.04en
81→101 0.63ep11.40en 20.48ep21.07en

122Xe
~1.44,0.44! 01→21 0.51ep11.27en 20.33ep20.81en 1.67 1.4260.04a 20.83

21→41 0.16ep11.51en 20.42ep21.03en
41→61 0.64ep11.58en 20.46ep21.13en
61→81 0.65ep11.60en 20.48ep21.19en
81→101 0.65ep11.61en 20.50ep21.22en

124Xe
~1.43,0.43! 01→21 0.52ep11.23en 20.33ep20.78en 1.62 1.4960.09b 20.81

21→41 0.62ep11.47en 20.42ep21.00en
41→61 0.65ep11.53en 20.46ep21.09en
61→81 0.64ep11.51en 20.49ep21.13en
81→101 0.62ep11.45en 20.50ep21.12en

126Xe
~1.42,0.42! 01→21 0.46ep10.97en 20.33ep20.70en 1.12 0.7760.025b 20.76

21→41 0.55ep11.17en 20.42ep20.89en
41→61 0.63ep11.32en 20.46ep20.92en
61→81 0.65ep11.34en 20.48ep20.96en
81→101 0.65ep11.35en 20.51ep20.98en



2438 55RANI DEVI, S. P. SARSWAT, ARUN BHARTI, AND S. K. KHOSA
TABLE IV. ~Continued.!

Nucleus
(ep ,en)

1

Transition
(Ji

1→Jf
1)

2
@B(E2;Ji

1→Jf
1)#1/2

3
@Q(Jf

1)#
4

B(E2;Ji
1→Jf

1) Q(Jf
1)

Theory
5

Expt.
6

Theory
7

Expt.
8

128Xe
~1.42,0.42! 01→21 0.50ep10.92en 20.32ep20.58en 1.20 0.7560.04b 20.70

21→41 0.54ep11.02en 20.41ep20.77en
41→61 0.64ep11.24en 20.46ep20.87en
61→81 0.62ep11.21en 20.49ep20.89en
81→101 0.64ep11.25en 20.50ep20.89en

130Xe
~1.41,0.41!

01→21 0.50ep10.84en 20.32ep20.53en 1.10 0.6560.05b 20.67
21→41 0.60ep11.00en 20.41ep20.67en
41→61 0.62ep11.04en 20.45ep20.73en
61→81 0.64ep11.06en 20.49ep20.76en
81→101 0.64ep11.06en 20.51ep20.77en

92Zr
~1.05,0.05! 01→21 0.25ep10.44en 20.16ep20.28en 0.081 0.08360.006c 20.18

21→41 0.18ep10.34en 20.15ep20.33en 0.042 0.017760.0004c 20.17

94Zr
~1.05,0.05! 01→21 0.27ep10.60en 20.17ep20.38en 0.098 0.06660.014c 20.20

21→41 0.12ep10.27en 20.17ep20.41en 0.019 0.004c 20.20

aFrom Ref.@32#.
bFrom Ref.@33#.
cFrom Ref.@29#.
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E21 states. However, for the set of124–130Xe nuclei, the
above-mentioned orbits are more than half filled and th
there is a tendency for the subshell closure of (3s1/2)n and
(2d5/2)n for these nuclei.

B. Systematics of calculated values
of E2 transition probabilities

In Table IV the calculated values ofE2 transition prob-
abilities between the statesEJ andEJ12 are presented. The
calculated values are expressed in parametric form in te
of the proton (ep) and neutron (en) effective charges and
have been obtained through a rigorous projection calculat
These two parameters have been chosen such thatep51
1eeff anden5eeff so that only one parameter is introduc
in the calculation. TheB(E2;Ji

1→Jf
1) values have been ca

culated in units ofe2 b2. To have numerical values for thes
quantities, we have used the empirical relations forep and
en as suggested by Mottelson@26,27#. He has shown that the
effective charges resulting from the quadrupole polarizat
of the ‘‘core’’ are given by ep5@(A1Z)/A#e and en
5(Z/A)e. The use of effective charges@28# is generally in-
voked in nuclear structure calculations to mock up the c
tribution made by the core towards the electromagnetic pr
erties, due to its polarization as the nucleons are put in
valence space. The valence particles, through two-body
fective interactions, can interact with the core and cause
citations. The calculated results indicate that by choos
eeff5Z/A, a good agreement with the observed values
B(E2; 01

1→21
1) transition probabilities is obtained for th
n

s

n.

n

-
p-
e
f-
x-
g
r

set of 118–124Xe nuclei. The calculated values o
B(E2; 01

1→21
1) transition probabilities for the set o

126–130Xe isotopes are found to be larger as compared
their observed values. Besides this, our results onB(E2)
transition probabilities predict a very interesting feature.
has been found from our results that in the case
116,124,128Xe, B(E2; 61

1→81
1),B(E2; 41

1→61
1), which

means that there is a slight dip in magnitude f
B(E2; 61

1→81
1) values when compared to its neighbor

This dip is also predicted in114Xe and 120Xe where it is
found that B(E2; 41

1→61
1),B(E2; 21

1→41
1) and

B(E2; 21
1→41

1),B(E2; 01
1→21

1), respectively. This fea-
ture is not obtained for the other isotopes. Further, if this
is not found experimentally, it would constitute a serio
discrepancy in our results, and in the case it is found exp
mentally, it would be an interesting confirmation of our ca
culations. On analyzing the experimental data, it has b
found that Machet al. @29# have experimentally measure
theB(E2) values for92,94Zr isotopes. The values presente
by them in their paper clearly show a dip inB(E2)
values. For example, in 92Zr, B(E2; 01

1→21
1) and

B(E2; 21
1→41

1) values are 0.083~6! e2 b2 and 0.0177~4!
e2 b2, respectively. In 94Zr, B(E2; 01

1→21
1) and

B(E2; 21
1→41

1) values are 0.066~14! e2 b2 and 0.004
e2 b2, respectively. We note that in both of these isotop
theB(E2) values show a dip.

It therefore appears that92,94Zr could present ideal ex
ample for testing the theoretical approach that we have
ployed for the study of Xe isotopes. To this end, we ha
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carried out HFB and projection studies on92,94Zr nuclei us-
ing the same model for the two-body residual interacti
The values of the interaction parameters and the vale
space employed are the same as in the earlier paper by K
et al. @20#. The results of these calculations for theB(E2)
values are presented at the end of Table IV and are see
reproduce approximately the observed values for92,94Zr. As
an illustration, the calculated and observed values
B(E2) transition probabilities for the transition
(01

1→21
1 ; 21

1→41
1) are ~0.081 and 0.042e2 b2! and

@0.083~6! and 0.0177~4! e2 b2!, respectively for92Zr. The
low-lying yrast states in92,94Zr nuclei are also satisfactorily
reproduced. The calculated and observed values of ene
in MeV of (01

1,21
1,41

1) states in94Zr are~0.0,0.69,1.38! and
~0.0,0.91,1.47!, respectively. In the case of92Zr, the corre-
sponding values are~0.0,0.80,1.35! and ~0.0,0.93,1.49!, re-
spectively. The comparison of calculated and observed
sults on92,94Zr thus establishes the validity of our theoretic
approach. Therefore, if the dip is theoretically reproduced
92,94Zr isotopes, it would as well be happening
114,116,120,124,128Xe isotopes. This dip might be construed
imply structural change along the yrast states
114,116,120,124,128Xe isotopes.

C. Systematics of calculated values ofQJ1

In Table IV the calculated values ofQJ1 are presented fo
the entire isotopic mass chain of xenon nuclei. These va
are expressed in parametric form in terms of proton and n
tron effective charges. We have calculated theQ2

1
1 values

for the same values of the effective charge as we have ta
for the calculation ofB(E2; 01

1→21
1) values. As a result of

the nonavailability of the experimentalQJ1 values, it is not
possible to make any comment regarding the degree
agreement with the observed values. In view of the quality
agreement forB(E2; 01

1→21
1) values, we are constrained t

assume that the HFB wave function gives a reasonably g
description of the xenon nuclei.

D. Yrast spectra

In Figs. 1~a! and 1~b!, the low-lying yrast spectra of a
chain of Xe isotopes are displayed. The low-lying yrast sp
tra are found to reproduce the experimental levels withJp

<61 with reasonably acceptable discrepancy. The trend
hibited by the calculated 81

1 and 101
1 states in the nucle

114,116,118Xe is not consistent with the observed trend. It
true that the agreement for higher spins is poor. This is
to the fact that there is no free parameter in the energy
culation for the full isotopic mass chain114–130Xe. This level
of agreement can be considered to be nearly satisfactory
cause of a number of considerations. First, the calculatio
yrast spectra is a complex many-body calculation involvin
minimum of 14 valence particles for114Xe and a maximum
of 30 valence particles for130Xe. Another noticeable fact is
that the calculations are carried out for the entire set of
isotopes, with a single set of input parameters. The contr
tion of 4p-2h configuration to the energy of higher-lyin
states has not been calculated; nor we have used any pa
.
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eter to simulate the contribution of the Sn core towards t
moment of inertia. It was pointed out by Faessler@30# as
well as by Praharaj@31# that doing so will provide further
quantitative improvements in the calculated yrast spectra

IV. CONCLUSIONS

To conclude it can be stated that the observed systema
of low-lying yrast spectra,B(E2) transition probabilities,
andQJ1 values are found to get reproduced with a reaso
able accuracy. Besides this, the results onB(E2) transition
probabilities in 114,116,120,124,128Xe predict a slight dip which
might be construed to imply different structures fo
114,116,120,124,128Xe as compared to their neighbours. It turn
out that the VAP technique and quadrupole-quadrupole-pl
pairing model of interaction are fairly reliable for the calcu
lation of yrast spectra in the entire set of xenon isotopes.
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FIG. 1. ~a! Experimental and theoretical low-lying yrast spect
for 114–120Xe nuclei~data taken from Refs.@34–37,43#!. ~b! Experi-
mental and theoretical low-lying yrast spectra for122–130Xe nuclei
~data taken from Refs.@38–43#!.
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